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PREFACE. 



WHEN the Editor of the following Treatife drew the outlines 
of his plan, he had no Intention either of printing fo large 
a volume or of publifhing any. His work was then calculated to 
facilitate the progrefs of fcience in this fociety alone, by accommo- 
dating the ftudents with thofe parts of Dr. Smith's Opticks, which 
arc explained to them in the lectures on that Branch of philofophy. 
The fcarcity of that Author's system had long beei\ a fubjetl of 
complaint; and it was at length become impofllble to procure a 
number of copies fufficicnt for the wants of fo large and induftrious 
a fociety. But the Editor had not proceeded far, before he was di- 
verted from his firft: defign, by being repeatedly informed that the 
fame difficulty prevailed in almoft every other College, and that no 
perfon could be found, who was willing to hazard a Republication 
of the whole of Dr. Smith's Treatife. He therefore determined, 
though already opprefled by accumulated bufincfs, to extend his 
plan ; rather than fufFcr the fcarcity complained of to be an Impedi- 
ment to Induftry, or become an Excufe for Idlenefs. To remove the 
former of thefe ill confequences, and obviate the latter in the molt 
effectual manner poflible, he communicated his defign to the Tutors 
of other Colleges, and added to the flock, he had formerly colleded, 
all the parts of Dr. Smith's Treatife, in which he found their leflures 
differed from his own. 

But though the Editor was poffefled of the requifite materials, the 
chief difficulty ftiU remained. For the primitive form of thefe de- 
ranged Elements refembled more the chaos of the poets, than a wcll- 
connefted fcries of philofophical Reafonings. His next attempt was 
therefore to reduce the whole into Syftem, by clafling its parts and 
a 2 ranging 



W The PREFACE. 

ranging the clafles in fuch order as fliould bed correfpond with the 
plan of Leflures given by the Tutors in this univerfity, whofe ex- 
emplary diligence in the cultivation of fcience entitles them to this 
ami every other affiftance. — After extricating, thefe materials from 
diforder and confufion, in which his fuccefs has far exceeded his ex- 
pedlations •, he tried alfo to efface every other mark of deformity, 
and to give them the appearance of a new creation. But here he 
met with an infuperable obftacle. In fome chapters of the Original 
the fubjeft is popularly explained, and in others geometrically de- 
monftrated. It was therefore impoffible to diffufe over the Whole 
an uniformity of Style without endlefs Interpolations and a propor- 
tionable Delay, neither of which was confident with the Reafons, 
which firft induced him to undertake the Work. 

Although the following Treatife was intended in its origin, and 
<:alculated in its progrefs, for the fole ufe of the Academick, the 
Editor now ventures, on a review of its contents, to recommend it 
to the ufe of others, who defire to be inftru6ted in the firft principles 
of Opticks. Thefe principles are demonftrated in it with as much 
eafinefs and perfpicuity, if not with fo much elegance and accuracy, 
as in other works of the fame nature; with (6 much eafinefs, indeed, 
as to be intelligible to every Reader, who is previoufly furnifhed with 
the mere Rudiments of Geometry. And the order in which they 
arc ranged, though peculiarly adapted to the original defign for 
which they were felefted, is in the Editor's opinion the moft natu- 
ral, in which the fubjeft can be treated. The following is a flight 
Iketch of this arrangement. In the three firft chapters are digefted 
the articles which contain Dr. Smith's Explanation of the general 
properties of Lights and Sir Isaac Newton's Experiments to prove 
that Light confifts of different Colours. In the next chapter is traced 
the motion of a fingle Ray of Light in its paffage through refracting 
furfaces of a fpherical figure, and in the four fubfequent chapters 
the motion of s. Pencil of Rays, till they unite again, after Refledion 
or Refraftion, to form an Image of the object from whence they 
proceeded. And as we are made to fee external objefts by means of 
their Images formed upon the Retinay in the two next chapters are 
explained the whole ftrufture of the human Eye^ the whole procefs 
of Vifion with the naked Eye, what alliftances the fight receives from 

^elefcDpeSy 
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'Telefcopes, Micro/copes, and SpcSiades, and the method of conJlruSi'tng 
thefe and other optical Inftruments. The eleventh Chapter treats 
of the ImperfeBion in Telefcopes and Microfcopes, which is caufed 
by the aberration of Rays from their geometrical focus in confequence 
of the fpherical figure of a Lens and the different Refrangibility of 
different kinds of Light : and the twelfth chapter contains the known 
Rules, which, in conftrufting Telefcopes, it is neceffary to obferve on 
account of thefe aberrations. The Elements of the fcience being 
demonflrated, they are applied in the two laft chapters to folve the 
phaenomena of the Rainbow, and the annual aberration of the fixed 
fian. 

The only modern authors, who have treated geometrically the 
principles of this fcience, and whofe works are ftill in print, are 
Mr. Emerson and Mr. Harris. But the philofophical writings of 
a fuperior genius are feldom adapted to the capacity of an unaflifled 
Learner; and the demon (^rations of the former of thefe authors are 
not yet adopted by the Tutors in our univerfities. The elementary 
Treatife of the latter is entirely filent upon fome of the nioft impor- 
tant fubjefts belonging to this fcience, fuch as the conftru(ftion of 
Telefcopes and the phsenomena of the Rainbow. Had Mr. Harris 
lived to finirti his Work, it would have precluded the necelTityof this 
and every other publication of the fame extent. 

It is not intended, in this charadler of the writings of others, to 
intimate in the flightefl degree that the following Treatife is fault- 
lefs. It contains many Inaccuracies and even fome Errors, of which 
the Editor was fully fenfible before he fent it to the prefs, but was 
reftrained from correi5ling them by the dread of Reprehenfion. The 
only method of correction was a compleat commentary on the Text, 
or frequent alterations of it. But, befides that fuch a commentary 
would have been as tedious and troublefome as a new Treatife on 
the fubjeff, there were other obje£lions againft it too obvious to be 
mentioned : and to have erafed and corrected the Text of an eminent 
Writer however judicioufly, might have been deemed by fome an 
impertinent prefumption and an unjult^Treatment of the author. 

Thefe Inaccuracies might indeed have been prevented, and an uni- 
formity introduced by compofing a new fytlem of the fame materials. 
But as the want of Dr. Smith's Optical Elements was become 

too 
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too prefling an Inconvenience to allow fufficient time fov executing 
a regular and wcll-digefted plan, the Editor was reduced to the al- 
ternative either of garbling the works of that Author or of publifliing 
fome crudities of his own. Befides, he had neither health nor leifure 
to engage in any publication more laborious than the prefent: He 
prepared it for the prefs without the Trouble of copying any part of 
its contents, except a few proportions, which he has borrowed from 
other Books of eminence not eafily to be procured, and which the 
Tutors in this univerfity have introduced into their ledlures for a 
more ample explanation of what Dr. Smith has but (lightly touched 
upon. To have circumfcribed his collection of notes within a nar- 
rower limit would hardly have been poflible; and he judged it more 
advifeable that the Learner (hould be left to confult the entire works 
of modern authoi's, than that this volume (hould be fwelled with Ex- 
tracts from their writings ; it being of the greateft affiftance to the 
ftudent, during his noviciate in philo(b{^y, to have the fame Truth 
reprefented to him in a variety of lights. For the principal notes, 
which are fubjoined to the following pages> the Reader is indebted 
to Dr. Barrow and Des Cartes. 

Such is the Nature and Intention of the following treatife, and 
fuch the Editor's apologies for prcfuming to publi(h (b irregular and 
incorreft a compofition. But if thefe Reafons be infu(ficient to de- 
fend him again(l private cavils, he hopes the following con(iderations 
will fecure him from public Cenfure : — that it could not be a defirc 
of Fame, which induced him to undertake the mechanical office of 
an Editor I or the Hope of Profit, to be the Inftrument of a publica- 
tion, the Expence of which muft be great, and the purchasers few; 
that he could have no View ta his own Improvement in forming a, 
fyftem of principles, which it has been his bufinefs for feveral years 
fucceiTively to explain to others ; and laftly , had amufement been his 
objeft, that he certainly would have direfted his attention to fomc 
other province in the intelle6tual world lefs frequented by him than 
the prefent, lefs barren and more beautiful. His only motives were 
public utility and a deep fenfe of the duty incumbent on every mem* 
ber of thefe Societies to promote the defigns of thofe venerable Be- 
nefactors, whofe Endowments they have the honour and happinefs 
to participate. 
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Chap. I. 
Concerning Light. 

rnOEVER has confidered what a number of properties Light eonfifli 
and efFefts of light areexaflly fimilar to the properties"'' P""- 
and efFe6ls of bodies of a fenfible bulk, will find it dif- 
ficult to conceive that light is any thing clfe but very 
fmall and diftinfl particles of matter * : which being inceflantly 
thrown out from fhining fubftances, and every way difperfed by re- 
flexion from all others, do imprefs upon our organs of feeing that 
peculiar motion, which is requifite to excite in our minds the fenfa- 
tion of light. But for the prefent purpofe it is fufficient to obfervc 
that light confifts of parts, both fucceffive in the fame lines and con- 
temporary in fcveral lines : becaufe in the fame place, you may flop 
that which comes one moment, and let pafs that which comes pre- 
fently after; and at the fame time, you may flop it in one place, and 
let it pafs in another. For that part of the liglit which is ftopt can- 
not be the fame with that which is let pafs. 

2. The Icaft light or part of light, which may be ftopt alone with- a ray ofiight 
out the relt of the light, or propagated alone, or do or fufFer any*'lf,'d^d°* 
thing alone, which the reft or the light doth not or fuffereth not, is 
calletl a Ray of light -f-. That rays of light are ftraight, is evident 
enough frojn the fliadows of bodies; or from the appearance of 
liglit pafiing through little holes into a dark room full of duft or 
finoke ; or becaufe bodies cannot be feen through the bore of a bended 
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2 Concerning Light. Chap, i.' 

pipe) or becaufe they ceafe to be feen by the interpofition of other 

bodies, as the fixt ftais by the interpofition of the moon and planets ; 
and the parts of the fun by the interpofition of the Moon, Mercury 
or Venus. Rays of light may therefore be reprefented by ftraight 
lines, not Mathematical but Phyfical, which are defcribed by the 
motion of the parts or particles of light : and the point which a ray 
poflefifes in falling upon any furface may be confidered as a Phyfical 
Point. 

3 . When a ray of light falls obliquely upon a fmooth poUflicd fur- 
face, it is turned out of its way either by refleftion or refraction in 
the following manner. Imagme the paper upon which this figure 
is drawn to be perpendicular to the furface of ftagnating water, and 
to cut it in the line RS, and that a ray of light, coming in the air 
along the line y4C, falls upon RS at the point C. Then fuppofing 
the line PC^ to be perpendicular to the furface of the water, if the 
ray be reflected, or turned back at C into the air again, it will de- 
fcribe a ftraight fine CB, inclined to the perpendicular CP at an an- 
gle PCB exadiy equal to the angle PCA. 

But if the ray that came along AC goes into the water at C, it 
will not proceed ftraight forward, but being refracted or bent at C, 
it will defcribe another ftraight line CE inchned to the perpendicular 
C^at a leflTer angle EC^than the angle JCP-, and the line CE 
will always be fo fituated, that when any circle, defcribed about the 
center C, cuts the line CA in A and CE in E, the perpendiculars AD 
and EF, drawn from A and E to the line P^, fhall always bear the 
fame proportion to each other ; whatever be the magnitude of the an- 
gle ACP. In water the line EF is always three quarters of AD. 

4. In both thefe cafes the line AC is called the Incident Ray, CB 
the Refie(a:ed Ray, CE the RefrafVed Ray, C the point of incidence, 
PC^ the perpendicular (at the point) of incidence, the angle ACP 
the Angle of Incidence, BCP the Angle of Reflexion, £C^the Angle 
of Refradlion; the line AD the Sine of Incidence, that is, of the 
angle of incidence; and EF the Sine of Refra6lion, that is, of the 
angle of refraftion. 

5. Empty fpace, or any tranfparent body, is called a Medium ; and 
mediums are dcnfer in proportion as they are heavier bulk for bulk ; 
and their power to refieft and refrafl light is found to be greater ia 
proportion as they are denfer, very nearly *. 

6. The foregoing properties of Reflexion and Refra<5lion being 
difcovered and eftabliflied by repeated experiments upon light and 
bodies of all forts both fluid and folid, without any exception yet 

• Newt. Opt. p. »45. 8*. 
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known ; and being the principal foundation of the whole fcience of 
Opticks, are called the Laws of Reflexion and Refra6lion ; and are 
exprelJed by Sir Ifaac Newton in the following words. 

7. 7be angles of reflcBion and refraSkn iye in one and the fame plane^"^ ^*- 
iffitb the angle of incidence ; that is, in the plane drawn through the 
incident ray and the perpendicular at the point of incidence, as re- 
picfented in the figures, i, 2. 

8 . The angle of reJieSlion is equal to the angle of incidence. Second Uw. 

9. Hence it follows that the incident and reflefted rays are equally ^irft confc- 
inclined to the reflefling plane; that is, the angles ACR and BCSl"^"'^^- 
are equal; as appears by taking the equal angles PCA and PCB 

from the equal angles PCR and PCS. 

10. It follows alfo that when the incident ray is perpendicular to?"°' 
the refle£ting furface, i t ftiall be refleded dire^ly back along the fame "^'^' 
perpendicular J as appears by diminilhing the equal angles of inci- 
dence and refleftion till the rays j4C, CB coincide with the pei-pen- 
dicular CP. 

11. ^ the refieSled or ref railed ray be returned dircSlly back to the ThW law, 
point of incidence, it Jhall be refleSied or refraSied into the fame line before 
defcribed by the incident ray. 

12. RefraSlion out of a rarer medium into a denfer ^ ts made towards f°^'^^ '""■ 
the perpendicular ; that is,f) that the angle of refraBion be lefs than the ^ '^' 
angle of incidence. 

1 3 . The fine of incidence, AD, is to the fme of refraSfion, EF, ei- Fifth l«w. 
ther accurately or very nearly in a given ratio j that is, fuppofing any '*' *" 
other incident ray aC to be refrafled into the line Ce, and the fines 

ad and efto be drawn perpendicular to P^, the ratio of ad to ef 
is the fame as the ratio of AD to EF. It is found by experience, 
that if the refraction be made out of air into water, the fine of inci- 
dence of red light is to the fine of its refraftion as 4 to 3: if out of 
air into glafs as 1 7 to 1 1 , or nearly as 3 to 2. In light of other co- 
lours the fines have other proportions, but the difference is fo little 
that it feldom need be conndered. 

14. Hence it appears by infpeffion of the figures (2, 3, 4.) that Firft confe- 
when the angle of incidence J'CP is increafed, the conefponding'i"*^''"' 
angle of refra6tion EC^ will alfo be increafed j becaufe the ratio of 
their fines, AD, EF, cannot continue the fame unlefs they be both 
increafed. Confequently if two angles of incidence be equal to each 
other, the angles of refraction will alfo be equal to each other. On 
the contrary, when the angle of incidence is diminilhed, the angle of 
refraftion will alio be diminilhed; infomuch that when one of thefe 
angles becomes infinitely fmall the other alfo becomes infinitely fmall. 

A 2 15. And 
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Second con- 1 5. And fo it comes to pafs that when the incident ray coincides 
fcqucncc. ^^j^j^ ^j^^ perpendicular to the refrafting furface, it will proceed 
ftraight forward into the other medium without any bending at all. 
Third confc- i'6. From which it is reafonable enough to conclude back again, 
qucoce. ^Y^rj^^ while the angle of incidence is continually increafing, the re- 
frafted ray will be continually more and more bent and diverted 
Fig. 2. from the courfe of the incident ray produced: I mean if y^C be 
continued to G, the arc EG and the angle ECG will continually in- 
creafe * : efpecially confidering that when the angle of incidence in 
air becomes very nearly a right one, and confequently the incident 
ray goes almoft parallel to the furface of the water, this ray is as 
Fig. 3. much bent at C into the line CE as the 3^ figure reprefents. In which 
•Art. 13. EFy the fine of refradlion, being always three quarters* oi ADj is 
now three quarters of the radius of the circle. Hence we find -f- that 
this angle of refraftion, £C^, is about 484. degrees: and fo the an- 
gle ECS (being its complement to 90 degrees) is about 414 degrees ; 
which in this cafe mealures the deviation of the ray from its firft 
courfe along the furface of the water. The deviation at the furface 
of glafs is greater than at the furface of watery the ratio of the fines. 

♦ Proposition. The greater the angle of incidence is^ the greater will be the angle of 
deviation. 

1. In the cafe of reflexion, the angle of deviation is that angle which is contained by 
Fig. 1. the incident and reflcdted ravs. But if the angle of incidence ACP incrcafes, the double. 

• Art. 8. of that angle, or ACB % muft increafc alfo. 

2. In the cafe of refra<5lion, the angle of deviation is that angle which is contained by 
the refra^Scd ray and the courfe of the incident ray produced. Draw J^fi/* perpend icu- 

Fig. 5- lar to the refracfting plane EBFi let ABG^ DBHy be two incident rays, ot which JB 

falls more obliquely than Dfi; and let Ba^ Bd^ be the dircdUons in which they move 
refpev5\ively after refradtion: I affirm that the angle GBa is greater than HBd. 

In the perpendicular ^B produced take any point P, and upon the diameter BP de- 
fcribe the femicircle 5GP, cutting JB^ DB produced in the points G, //, and 5j, Bd 
in the points a^ d: Join PG, Ptf, PH, Pd. And PGBj PaB, PHB, PdB being right 

«> Eac.in.31. angles »», PG, PH are the right fines of the angles of incidence PJSG, PBH^ to the ra- 
dius BPi alfo Pj, Pi are the right fines of the angles of refraaion PBa^ PBdy to the 
fame radius. Next, make the angle GBK equal to HBd^ or the arc G/T equal to the arc 
Hd', and join Gd^ cutting PK in X: laftly, draw the chords Ga^ Hd. Now the an- 

c Ettc.IlI.27. gles PGd^ PHd being equal % and the angles GPK^ HPd being alfo equal, by conftruc- 
tion, the triangles GPXy HPd are fimilar. Therefore PG is to PJT as PH to Pd: but, 

* Art. 13. by the law of rcfra^ion ^ PH is to Pd as PG to Pa ; confequently PG is to PXas PG 

to P<7, and therefore PX equals Pa. But PX is lefs than PK^ becaufe the ciiord Gd 
lies wholly within the circle; and therefore Pa is lefs than PK: confequently PK cuts 
the angle GPa^ and the arc Ga is greater than the arc G/f, or Hd, Wherefore the an- 
gle GBa is greater than HBd. Q^ E. D. 

In the preceding demonftration, the angle of incidence is fuppofed to be greater than 
the angle of refra^ion: But the truth of the propofuion may be eafily deduced from ir, 
when the ray pafles out of a denfer medium into a rarer. For if ^fi, dB are made the 
incident rays, BA^ BD become the rcfrafted rays'*; and therefore aBG^ dBH ure ftill 
the angles of deviation. 

t By a Table of fines, 
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being greater, that is, as 3 to 2, or nearer as 31 to 20. Hence we 
find that the angle EC^ is about 40 and ECS about 50 degrees. 

17. The bending and deviation is the fame when the ray goes back Ref^aion 
again along the fame Unes EC, CA; and if an angle or incidence reflet^ion.""* 
eC^ be any thing greater than about 48^ degrees in water, or any 

thing greater than about 40 in glafs, this ray eC will not be refract- 
ed into air, but will be refle£led into the line Cf, making the angle 
of refle6lion ^Cy equal to the angle of incidence ^Ce, 

18. The truth of thefe laws and of all the confcquences drawn EKpcrimentai 
from them may be eafily examined in the manner following. Upon [,™fof rgge! 
a fmooth board KLMN, about a center C with any opening of the aion and «~ 
compafles (the larger the better) defcribe a circle PR^; and having fr**""- 
drawn two diameters Pi^and RS perpendicular to each other, from '^"*' 
the point P, with any opening of the compafTes, cut off equal arches 
P^, PB, and draw the lines Cyi, CB; then flicking three pins per- 
pendicular to the board at the points j4j B, C, dip the board into 
water as far as the line RS; and holding it perpendicular to the fur- 
face of the water, look along the pins ^, C; and an image of the 
pin B will aflpear in the water in the line AC produced. Which 
fliews that the ray which came from the pin B is reflected from the 
water, at the point C, along the line CA to the eye of the fpeftator. 
If the pin at C touches the water, it will dlfturb the fmoothnefs of 
its furface; and tlierefore it is better not to place it in the center, but 
a little higher in the line CA. The event will be the fame if the re- 
fle£tion be made by any other fluid or folid body, as may be tried by 
cutting off the lower femicircle, and by placing the diameter, RS^ 
of the upper femicircle upon the furface of the folid. 

Upon the fame board draw the Vine AB cutting CP in D, and from 
the lines DB and CS cut oif J>H and C/, each equal to three quar- 
ters of DAy and through the points H, I, draw the line HIE, cutting 
the circumference in E; and the perpendicular EF drawn from iS 
upon P^ will be equal to DH, or three quarters of DA. Then 
ftick another pin at E, and the board being dipped into water, as 
before, the pin at £ will appear to the eye to be in the fame line with 
the pins at /^ and C. Which fliews that the ray which comes from 
the pin E is fo rcfraJVed at C, as to advance to the eye along the line 
CA; and therefore when the refraction is made out of water into 
air, EF ihc fine of incidence, is to AD the fine of refraction, as 3 
to 4. If other pins be fixed any where in the line CE, they will all . 
appear in the line ^^C produced: and the whole line CE will appear in 
the water as if it were a continuation of ^C ftraight forward. Which 
ihews that the ray whith comes from the pin E, defcribes a ftraight 
line in the water j and that it is bent at the furface only. On the 

con- 
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contrary, if an opportunity be taken \ 

that the fliadow of the pin y^f fhall coincide with the line ^C, the 
refraiSted (hadow will coincide with the line CE. Or whatever be 
the Sun's height, move the pin ^ higher or lower till the fhadovr 
falls upon the center C, and there fix it, fuppofe at a; then flicking 
the compaifes into any point of the refracted fhadow, take up the 
board, and through this point and the center C draw a line Ce, cut- 
ting the circle in a new point e; and the ratio of the new perpendi- 
culars, ad and ef, will be the Tame as before; that is, as 4 to 3, as 
near as can be meafured. 

19. Laftly it is to be obferved, that a ray of light is reflefted or 
ref rafted at a fpherical furfacc according to the fame laws as if it were 
reflefled or refradted at a plane, touching the fpherical furface at the 
point of incidence. Let AC be a ray of light falling upon any point 
C of a fpherical furface MCN, reprefented by the arc MCN, whofe 
center is O j through the points and C draw the line P^, and the 
line RCS perpendicular to it, reprefenting a plane furface touching 
the fpherical furface at C. Now becaufe a ray of light is confideied 
as a phyfical line, and is refrafted or reflefted at a phyfical point*, 
which is common to both furfaces, iWCN^ and RCS, it follows that 
the refracted or rcrlefted ray will take the fame courfe in both cafes. 
And this argument is alfo confirmed by univerfal experience. 

20. As rays of light are incelTantly thrown out and difperfed in 
whaia'ndhowall poflible direftions from every point of a luminous body ; fo when 
itradiaiM. ^j^ illuminate other bodies, on which they fall, they are alfo in- 
celTantly thrown back from every point of thefe bodies. For the 
points of opake bodies fo enlightened are vifible to the eye at any 
point of fpace and in any point of time, as well as the points of the 
luminous body that enlightened them. The numberlefs rays which 
flow from all vifible bodies, called objefls, may be methodically di- 
ftributed in this manner. The furface of the objefl is confidered as 
confiftingof phyfical lines, and thefe lines as confiding of phyfical 
points, and thefe points are conceived to radiate all manner of ways. 
It is ufual to make ufe of nothing elfe for an object but a phyfical 
line. For by how much that line is increafed or diminiflied in ap- 
parent magnitude or brightnefs or diftindtnefs, fo much the dia- 
meter or length of any object, in its place, would be increafed or 
diminifhed. 

Afocua.pen- ji. The point ^from which rays diverge, or towards which they 
converge (being made to go back towards the fame point though 
they may never meet at it) is called their focus. And in both cafes 
any parcel of thefe rays, as ^BC, or ^BA, confidered apart from the 
reft, is called a pencil of rays -, and thefe rays are faid to belong to 

that 
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that focus, whether it be near at hand or at an immenfe diftancci 
and in the latter cal'e the rays are called, and confidered as, parallel 
or equidiftant from each other; becaufe the difference of their di- 
ftances at any two given places is infenfvble. 

22- The 8th and 9th figures reprefent a pencil of rays, ^C, which Reflefiion of 
falling in parallel lines upon a plane poUfhed furface, reprefented by ' p.^",*;','^°^^ 
the line j^CB, are refle6ted from it into as many other parallel lines, at a plane 
Cg; becaufe they are inclined to that plane juft as much as the in- '^"'^'^'^■ 
cident rays were inclined to it*. ' Art.9. 

23. In the I ith figure ^C reprefents a pencil of parallel rays fall- Refraaion of 
ing obUquely upon a ftraight line j^CB, or upon a plane furface re- p^X'i My* 
prefented by it, which after refraftion are alfo parallel among at a plane 
themfelves; everyone being equally bent. Becaufe when the an- '^^^**^''' 
glcs of incidence are all equal among themfelves the angles of re- 
fradion are alfo equal among themfelves''. For the fame reafon if" An. 14^ 
thefe rays be refradled again at another plane, either parallel orob-^'2- "■"• 
lique to the former, they will ftill be parallel among themfelves af- 
ter every refra£lion. In ftriftnefs this is only to be underftood of 

rays of the fame colour: as will be explained in the next chapter. 

24. Let the light which flows from a point A and paffes through Tof^e^^hat 
a fquare hole 6cJehe received upon a plane, BCDE, parallel to the the breadths 
plane of the hole > or if you pleafe let the figure BD be the fliadow »(" P*"':'' «f 
of the plane dJ; and when the diftance j4B is double of ^6, thera'yilrefs 
length and breadth of the fliadow BD will each be double the length iheirdiiUncw 
and breadth of the plane 6 d; and treble, when AB is treble of ^ h; ^1°^ '''^ '^■ 
and fo on: which may be cafily examined by the light of a candle Fig. ij. 
placed at A. 

25. Therefore the furface of the fiiadow BD, at the diftance AB "eoce the 
double of Ab, is divifible into four fqiiares, and at a treble diftance, q"an'fty^Jf 
into nine fquares, feverally equal to the fquare hd, as reprefented in lightiewived: 
the figure. The light then which falls upon the plane bd, being fuf- pf3n"e\fr^ 
fered to pafs to a double diftance, will be uniformly fpread over four ciprocaiiy as 
times the fpace, and confequently will be four times thinner in every "he fquares of 
part of that fpace, and at a treble diftance it will be nine times thin- from uic lu- 
ner, and at a quadruple diftance fixteen times thinner, than it was at minous tiody, 
firft; and fo on according to the increafe of the fquare furfaces bcde^ 

BCDE, &c, or of the fquare furfaces Abfg, ABFG, 6cc, built upon 
the diftances A^, AB, &c. Confequently the quantities of this ra- 
rified light received upon a furface of any given fize and Ihape what- 
ever, removed fucceflively to thofe feveral diftances, will be but one 
(juarter, one ninth, one fixteenth, of the whole quantity received by 
it at the firft diftance Ab. Or in general words the denfities and 

quantities' 
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?iuantities of light, received upon any given plane, are diminiftied 
in the fame proportion as the fquares of the diftances of that plane, 
from the luminous body, are increafed : and on the contrary, are 
increafed in the fame proportion as thofe fquares are dimini(hed. For 
the lights of the feveral points of the body, which feverally follow 
this rule, will compofe a light which will ftill follow the fome rule. 



., Chap. IL 

Concerning the Origin and Cau^e of Colours. 

•Dcficn. ' I ^HE preceding chapter contains fuch properties as belong to 

X all kinds of light; in this are related fome of the experiments 

by which Sir Ifaac Newton difcovered that light confifts or different 

colours. 

Aprifin 26. A glafs prifm is a body, (haped like a wedge, that has three 

what. edges, being bounded with two equal and parallel triangular ends 

,T}g. 14, 15. j^2C and a be, and three plane and well polifhed fides, which meet 

in three parallel lines Aa^ Bb^ Cc^ running from the three angles of 
one end to the three angles of the other : and when it is viewed end- 
ways it is reprefented only by a triangle ABC, as in the 1 5th figure. 
.J 27. In a very dark chamber at a round hole F, about one third 

Experiment, of an inch broad, made in the (hut of a window, I placed a glafs 
of thc"^^^^^^ -/^5C whereby the beam of the fun's light 5F, which came in 

image made at that holc, might be rcfra6led upwards, toward the oppofite wall 
by a pr^m. of the chamber, and there form a coloured image of the fun, repre- 
cwt. pt. f^j^jgj jj^ pcj* Yj^g ^j^jg ^f ^Yit prifm, (that is the line pafling through 

''ig- «S- the middle of the prifm, from one end of it to the other end, pa- 
rallel to the edge of the refra6ling angle) was in this and the fol- 
lowing experiments perpendicular to the incident rays. About this 
axis I turned the prifm flowly, and faw the ref rafted light on the 
wall, or coloured image of the fun, firft to defcend, and then to af- 
cend. Between the defcent and afcent when the image feemed fta- 
tionary, I flopped the prifm and fixt it in that pofture. 

Then I let the refrafted light fall perpendicularly upon a fheet of 
white paper MN, placed at the oppofite wall of the chamber, and 
obferved the figure and dimenfions of the folar image, PT, formed 
^ on the paper by that light. This image was oblong and not oval, 
but terminated by two reftilinear and parallel fides and two femi- 
circular ends. On its fides it was bounded pretty diftinftly, but on 

its 
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its ends vei y confuftcfiy and inHiftinftlyj the light there decaying and 
vanifliing by degiees. At the diftance of ]8i feet from the pril'm 
the breadth of the image was about 2I inches, but its length was 
about lOr inches, and the lengtli of its rectilinear fides about 8 
inches; and j^CB the refracting angle of the piifm, whereby (b 
great a length was made, was 64 degrees. With a lefs angle the 
length of the itnage was lefs, the breadth remaining the fame. It 
is farther to be obferved that the rays went on in Ilraight lines from 
the prif'm to the image, and therefore at their going out of the priim 
had all that inclination to one another from which the length of the 
image proceeded. This image PTv/as coloured, and the more emi- 
nent colours lay in this order from the bottom at 7" to the top at Pj 
red, orange, yellow, green, blue, indigo, violet ; together with all their 
intermediate degrees in a continual fuccelfion perpetually varying. 

28. Our author concludes from this experiment, and I'ome others Hence ibc 
to be mentioned hereafter, that the light of the fun confifts of adifoJntiy« 
mixture of fcveral forts of coloured rays, fome of which at equal frangible, 
incidences arc more refiafted than others, and therefore are called 
more refrangible. The red at T, being neareftto the placed", where 
the rays of the fun would go direflly if the prifm was taken away, is 
the leaft refrafted of all the rays ; and the orange, yellow, green, blue, 
indigo and violet are continually more and more refratSted, as they 
are more and more diverted from the courfe of the direct light. For 
by mathematical reafoning he has proved, that when the prifm is 
fixt in the pofture above mentioned, Co that the place of the image 
(liall be the lowcft polTible, or at the limit between its defcent and 
afcent, the figure of the image ought then to be round like the fpot 
at 2", if all the rays that tended to it were equally refracted. There- 
fore feeing by experience it is found that this image is not round, but 
about 5 times longer than broad, it follows that all the rays are not 
equally refrafted. 

For the difcovery of this fundamental property of light, which 
has opened the whole myftery of colours, we ft:e our author was 
not only beholden to the experiments themfelvLs, which many 
others had made before him, but alio to his (kill in geometry; which 
was ablohitely necefiary to determine what the figure of the refracted 
image ought to be upon the old principle of an equal refrac:^ion of 
all the rays ; but having thus made the difcovery he contrived the 
following experiment to prove it at fight. 

In the middle of two thin boards, DE, 4e, I made a round hole H- 
in each, at G and g, a third part of an inch in diameter j and in the ^"^^"q"'' 
window-lhut a much larger hole being made, at Fy tt) let into my p. 37. 
B darkened P'g- >6- 



lo Concerning the Origin Chap. 2?! 

darkened chamber a large beam of the fun's light, I placed a prlfm, 
ABC, behind the fhut in that beam, to refra6l it towards the oppo- 
fite wall; and clofe behind this prifin I fixed one of the boards DE, 
in fuch manner that the middle of the retraced light might pal's 
through the hole made in it atG, and the rert be intercepted by liie 
board. Then at the diftance of about 12 feet from the firft board 
I fixed the other board de, in fuch manner that the middle of the 
refratled light, which came through the hole in the firft: board, and 
fell upon the oppofite wall, might pafs through the hole g in this 
other board de, and the reft being intercepted by the board might 
paint upon it the coloured fpettrum of the fun. And clofe behind 
this board I fixed another pnfm abc to refrai5f the light which came 
through the hole g. Then I returned fpeedily to the firft prifm 
ABC and by turning it flowly to and fro about its axis, I caufed 
the image which fell upon the fecond board dc to move up and 
down upon tliat board, that all its parts might pafs fucceinvely 
through the hole in that board, and fall upon the prifm behind it. 
And in the mean time I noted the places, Af, W, on the oppofite 
wall, to which that light after its refra6tion in the fecond prifm did 
pafs; and by the difference of the places at M znA N, I found that 
the light, which being moft refrafted in the firll prifm ABC, did go 
to the blue end of the image, was again more refrai5ted by the fe- 
cond prifm adc, than the light which went to the red end of that 
image. For when the lower part of the light which fell upon the 
fecond board de, was caft through the hole ^, it went to a lower 
place M on the wall; and when the higher part of that light was 
caft through the fame hole g, it went to a higher place A'' on the 
wail; and when any intermediate part of the light was caft through 
that hole, it went to fome place in the wall between M and A^. The 
unchanged pofition of the holes in the boards made the ir.cidcnce 
of the rays upon the fecond prifm to be the fame in all cafes. And 
yet in that common incidence fome of the rays were more refra^ed 
and others lefs: and thofe were more refrai5led in this prifm, which 
by a greater rcfra^ion in the firft prifm were more turned out of 
their way; and therefore for their conftancy of being more refrail- 
ed are defervedly called more refrangible. 

Our author ihews alfo, by experiments made with a convex glafs, 
that lights irefleited from natural bodies) which differ in colour, 

Newt. Opt. differ alfo in degrees of refrangibility': and that they differ in the 

• '"■ fame manner as the rays of the fun do. 

The light whofe rays are all alike refrangible I call fimple homo- 
geneal and fimilar, and that whofe rays are fome more refrangible 
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than others I call compound, hcterogeneal and dilTimilar. The for- 
mer light I call honiogeneal not becaufe I would afBrm it ^o in all 
refpeils; but becaufe the rays which agree in refrangibility agree at 
leaft in all their other properties which arc confidered in this 
chapter. 

The colours of homogeneal lights I call primary, homogeneal and 
fimple, and thofe of heterogeneal lights, hcterogeneal and com- 
pound. For thefe are always compounded of homogeneal lights, as 
will appear in the following articles. 

The homogeneal light and rays which appear red, or rather make ^'^^g °f *' ' 
objects appear fo, I call rubrifick or red-making; thofe which make 
objects appear yellow, green, blue and violet, I call yellow-making, 
green-making, blue-making, violet-making; and fo the reft. And 
if at any time I fpeak of light and rays as coloured or endued witli 
colours, I would be underltood to fpeak not philofophically and 
properly but grofly, and according to fuch conceptions as vulgar 
people in feeing all thefe experiments would be apt to frame.- For 
the rays to fpeak properly are not coloured. In them there is no- 
thing elfe than a certain power and difpofition to ftir up a fenfation 
of this or that colour. For as found in a bell or mufical ftring or 
other founding body, is nothing but a trembling motion, and in the 
air nothing but that motion propagated from the objeft, and in the 
fenfonum it is a fenfe of that motion under the form of ibund; {o 
colouis in theobjed are nothing but a difpofition to refieft this or 
that fort of rays more copioufly than the reft; in the rays they are 
nothing but their dlfpofitions to propagate this or that motion into 
the fenforium; and in the fenforiuni they are feufations of thofe 
motions under the forms of colours. 

29. Homogeneal light is refrafted regularly without any dilata- iir. 
tion fplitting or {battering of the rays, and the confufed vifion °^^l^""l^''^^ 
objects feen through refra«^ting bodies by heterogeneal light, arifes light ], re- 
from the different refrangibility of feveral forts of rays. This will frafied regu^ 
appear by the experiments which follow. In the middle of a black ;5ewi. opt. 
paper I made a round hole about a fifth or a fixth part of an inch in p- 6». 
diameter. Upon this paper I caufed the fpe6trum of homogeneal light 
defcribed in the former article, fo to fall that fome part of the light 
might pafs through the hole in the paper. This tranfmitted part of 
the light I refracted with a prifm placed behind the paper, and let- 
ting this refrafted light fall perpendicularly upon a white paper two 
or three feet diftant from the prifm, I found that the fpe6lrum 
formed on the paper by this light was not oblong, as when it is 
made, in the firft experiment, by refradling the fun's compound 
B 2 light. 
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light, but was (fo far as I could fudge by tny eye) peife6^Iy circular, 
the length beins; no where greater than the breadth ; which fhews 
that this light is refra£^ed rq^ularly without any dilatation of the 
ra^s ^ and is an ocular demonftration of the mathematical propo- 
fition mentioned in the 28th article. 
ly. In the homogeneal li|;bt I placed a paper circle of a quarter of 

NwTopt! ^^ inch in diameter; and in the fun's unrefraSted, heterogeneaF, 
p. ^3. white light I placed another paper circle of the fame bignefs ; and 
going from thcfe papers to the diftance of fome feet I viewed both 
circles through a prifm. The circle illuminated by the fun's hete- 
rogeneal light appeared very oblong, the length being many times 
greater than the breadthw But the other circle illuminated with ho- 
mogeneal light appeared circular and di(lin<5tly defined, as when it 
is viewed by the naked eye; which proves the whole propofitiott 
mentioned at the beginning of this article. 
V. In the homogeneal light I placed flies and fuch like minute ob- 

^ynrncnt. j^fts, and viewing them through a prifm I faw their parts as diftiniSlly 
defined as if I had viewed them with the naked eye. The fame ob- 
je6ls placed in the fun's unrefrafted heterogeneal light which was 
white, I viewed alfo through a prifm, and faw them mod confufedly 
defined, fo that I could not diftinguifh their fmaller parts from one 
another. I placed alfo the letters of a fmall print one while in the* 
homogeneal light and then in the heterogeneal, and viewing thent 
through a prilm they appeared in the latter cafe fo confufed and 
indiftinft that I could not read them; but in the fornier they ap- 
peared fo diftin6t that I could read readily, and thought I faw thertr 
as diftinci: as when I viewed them with my naked eye; in both cafes 
I viewed the fame objefts through the fame prifm at the fame di- 
ftance from me and in the fame fituation^ There was no difference 
but in the lights by which the objects were illuminated and whiclr 
in one cafe was fimple in the other compound ; and therefore the 
diftinft vifion in the former cafe and confufed in the latter could 
a rife from nothing elfe than from that difierence in the lights; 
Which proves the whole propofition. 
horoo^cnciT^^ 30. In thcfc three experiments it is farther very remarkable that 
right^fannot thc colour of homogeneal light was never changed by the refraction r' 
b^ ^^*°K^ ^"^ ^s ^^^^^ colours were not changed by refraftions, fo neither 
nw by w^'''" were they by reflexions. For all white, grey, red, yellow, green, blue, 
flcxioo'a. violet bodies, as paper, aflies, red lead, orpwment, indigo, bife, gold, 
N^r Opt. (ii^,^,.^ copper, grafs, blue flowers, violets, bubbles of water tinged 
with various colours, peacocks' feathers, the tinfture of lignum ne^ 
pbriticum and fuch like, in red homogeneal light appeared totaHy 

red. 
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ted, in blue light totally blue, in green light totally green, and Co of 
other colours. In the homogeneal light of any colour they all ap- 
peared totally of that fame colour, with this only diiference, that 
tbnie of them reflected that light more ftrongly, others more faintly. 
1 never yet found ajiy body which by reflecting homogeneal light 
could fenfibty change its colour. 

From all which it is manifeft, that if the fun's light confided of 
but one fort of rays, there would be but one colour in the world. 
Nor would it be polTible to produce any new. colour by reflexions and 
refractions: and by confequence that the variety of colours depends 
upon the compolition of light. 

31. Every homogeneal ray confidered apart is ref rafted according The fine of 
to one anil the fame rule', fo that its line of incidence is to its fme!'^"'*!)"*''^ 

, ' every DOmog. 

of refraction in a given ratio: that is, every different coloured rsyrayiswiu 
has a different ratio belonging to it. This our author has proved byj?^''^j?^'^''^ 
experiment, and by other experiments has determined bv what nam- given r-tio. 
bers thofe giveii ratios are expreifed. For inftancc, if an heterogc- ^'c*t- Of- 
ncal white ray.of the fun emerges out of glafs into air, or which isp-g''',' 
the fame thing, if rays of all colours be i'uppofed to fucceed one' Arc. 13. 
pother in the fame line ^C, and ^D their common fine of inci- 
dence in glafs be divided into 50 equ.il parts, then EF and GH the 
fines of rcfraition into air, of the leali and molt refrangible rays, 
will be 77 and 78 inch parts rcrpedlivcly. And fince every colour, 
has feveral degrees, the fines of rcfra^if ion of all the degrees of red 
will have all intermediate degrees of magnitude from 77 to 774^, of 
all the degrees of oringe from 77^*0 77J-, of yellow from yj-l^ 1077'^, 
of green from 774 to 774^, of blue from 77;. to 774, of indigo from^ . --^ 
7i7 1 to 77 ^, and of violet from 77I to 78 \ r- '09- '' 

32. Colours mav be produced by compofition which fliall be like ^'he different 
to the colours of homogeneal light, as to the appearance of colour, ^mpic'Ind"*^ 
but not as to the immutability of colour and conflilution of light, compoond 
And thofe colours, by how much they arc more compounded, by fo^'°""' 
much are they leis full and intcnfe; and by too much compofition p. 11^, 
tbey may be. diluted and, weakened till they ceafe, and the mixture 
becomes white or grey. There may be alfo colours produced by, 
compofition, which are not fully like any of the colours of homoge- 
neal light. For a mixture of homogeneal red anti yellow compounds 
an orange, like in appeairance.of coiouc to that orange which in the 
feries of unmixed prifmatick colours lyes between them. But the 
light of one orange is homogeneal as to refrangibility, that of the 
o;her is heterogeneal ; and the colour, of the one, if viewed through 
a.prifm remains unchanged, that of the other is changed and re- 

fblved. 
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folved into its component colours r 

fame manner other neighbouring homogeneal colours may com- 
pound new colours, like the intermediate homogeneal ones: as yel- 
low and green the colour between them both; and afterwards if 
blue be added there will be made a green, the middle colour of the 
three which enter the compofuion. For the yellow and blue on 
cither hand, if they are cfjual in quantity, draw the intermediate 
green equally toward themi'clves, and fo keep it as it were in aequi- 
librio, that it verge not more to the yellow on one hand, than to the 
blue on the other, but by their mixed aftions remain ftill a middle 
colour. To this mixed green there may be farther added feme red 
and violet, and yet the green will not prelently ceafe but only grovir 
lefs full and vivid ; and by increafmg the red and violet, it will grow 
moje and more dilute, until by the prevalence of the added colours 
it be overcome and turned into whitenefs or fome other colour. So 
if to the colour of any homogeneal light, the fun's white light com- 
pofed of all forts of rays be added, that colour will not vanifli or 
change its fpecies, but be diluted, and by adding more and more' 
white it will be diluted more and more perpetually. Lallly if red-^ 
and violet be mingled there vi'ill be generated according to their va- ■ 
rious proportions various purples: fuch as are not like in appear* 
ance to the colour of any homogeneal Hght ; and of thefe purples- 
mixed with yellow and blue may be made other new colours. 

33. Whitenefs and all grey colours between white and black, may 
be compounded of colours; and the whitenefs of the fun's light is 
.compounded of all the primary colours mixed in a due proportion. 

For let the folar image FT fall upon a lens iWA^ above four inches 
broad and about fix feet diftant from the prifm jfBC, and fo 6gured 
that it may caufe the coloured light which divergeth from the prifm 
to converge and meet again at its focus G about 6 or 8 feet diftant 
from the lens, and there to fall perpendicular upon a white paper 
DE. And if you move this paper to and fro, you will perceive that 
near the lens, as at tie, the whole folar image, fuppofe at ft, will 
appear upon it intenfely coloured after the manner above explained; 
and that by receding from the lens thofe colours will perpetually 
come towards one anothei-, and by mixing more and more dilute one 
another continually, until at length the paper comes to the focus 
G, where by a perfeft mixture they will wholly vanilh and be con- 
verted into whitenefs, the whole light appearing now upon the paper 
like a little white circle. 

In the foregoing experiment I have produced whitenefs by mixing 
the prifmatick coloui's. If now the colours of natural bodies are to 

be 
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be mingled, let a little watet' thickened with foap be agitated to raife 
a froth, and after that froth has ftood a little, there will appear to 
one that (hall view it intently various colours every where in the 
furface of the feveral bubbles, but to one that (hall go fo far off that 
he cannot diftinguilh the colours from one another, the whole froth 
will grow white with a perfect whitenefs. 

34. The colours of natural bodies arife from hence, that fome of Theperma- 
them reftc(5t fome fort of rays, others other forts more copioufly than ofnl", aTbo- 
the refl. Minium reflects the leaft refrangible or red-making rays dies cxjiiain- 
moft copioufly and thence appears red. Violets reflect the moft re- "'■ 
frangible moft copioufly, and thence have their colour: and fo of 
other bodies. Every body reflefts the rays of its own colour more 
copioufly than the reft, and from their excefs and predominance in 
the reftefted light has its colour. 

For if in the homogeneal lights obtained by the 2d experiment, j;^ yrimont 
you place bodies of feveral colours, you will find as I have done, that Ne«.t. opi, 
every body looks more fplendid and luminous in the light of its own p- 'S7- 
colour. Cinnaber in the homogeneal red is moft refplendent, in 
the green light it is manifeftly lefs refplendent, in the blue light ftlll 
!efs. Indigo in the violet blue light is moft refjjlendenl, and its 
fplcndor is gradually diminiftied as it is removed ihcnce by degrees 
through the green and yellow light to the red. By a leek the green 
light, and next that the blue and yellow wliich compound green, are 
more ftrongly reflected than the other colours red and violet, and fo 
of the reft. But to make thefe experiments the more manifeft, fuch 
bodies ought to be chofen as have the futleft and moft vivid colours, 
and two of thofe bodies are to be compared together. Thus for 
inftance, if cinnaber and ultra-marine blue, or fome other full blue 
be held together in the red homogeneal light, they will both appear 
red; but the cinnaber will appear of ftrongly luminous and refplen- 
dent red, and the ultra-marine blue of a faint obfcure and dark red. 
And if they be held together in the blue homogeneal light, they 
will both appear blue ; but the ultra-marine will appear of a 
ftrongly luminous and refplendent blue, and the cinnaber of a faint 
and dark blue. Which puts it out of difpute that the cinnaber re- 
flects the red light much more copioufly than the ultra-marine 
doth, and the ultra-marine reflects the blue light much more copi- 
oufly than the cinnaber doth. The fame experiment may be tried 
fuccefllvely with red and indigo or with any other two coloured bo- 
dies. If due allowance be made for the different ftrength or vveaknefs 
of their colour and light. 

And that this is not only a true reafon of their colours, but even 

the 
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the only reafon, may appear farther from this confideratlon j that 
the colour of homogeneal light cannot be changed by the refleftion 
Aft. 30. ^f natural bodies*. For if bodies by refteflion cannot in the leaft 
change the colour of any one fort of rays, they cannot appear co- 
loured by any other means, than by reflefting thofe which either arc 
of their own colour, or by mixture muft produce it. 



Chap. III. 

Concerning the CA^usE of Refraction, Reflection, 
Inflection and Emission of Light, and concerning 
Transparency, Opacity, and Colours in Bodies. 

Wed^^ SS-T^ ^^^ ^^^ ^^"^^ ^^ refledion is not the impinging of light 
impinging of JL ^^ ^^^ ^^'^^ ^^ impcrvious parts of bodies, as is commonly 
light upon ' believed, will appear by the following confiderations. Firrt, that in 
Ncm! OpT. ^^^ paffage of light out of glafs into air there is a refle6tian as ftrong 
y. 237. as in its paffage out of air into glafs, or rather a little ftronger, and 
by many degrees ftronger than in its paffage out of glafs into water. 
And it feems not probable that air fliould have more reflefting parts 
than water or glafs. But if that (hould poffibly be fuppofed, yet it 
will avail nothing; for the reflcftion is as ftrong or ftronger when 
the air is drawn away from the glafs, by an air-pump, as when it is 
.adjacent to it. Secondly, if light in its paffage out of glafs into 
air be incident more obliquely than an angle of 40 or 41 degrees, it 
is wholly refledled, if lefs obliquely it is in a great meafure tranf- 
* Art. 17. mitted ^. Now it is not to be imagined that light at one degree of 
obliquity fliould meet with pores enough in the air to tranfmit the 
greateft part of it, and at another degree of obliquity Ihould meet 
with nothing but parts to refledl it wholly : efpecially confidering 
that in its paffage out of air into glafs, how oblique foever be its 
incidence, it finds pores enough in the glafs to tranfmit a great part 
of it. If any man fuppofes that it is not rcflefled by the air, but by 
the outmoft fuperficial parts of the glafs, there is ftill the lame dif- 
ficulty: befides that fucn a fuppofition is unintelligible, and will ap- 
pear to be falfe by applying water behind fome part of the glafs in- 
ftead of air. For fo in a convenient obliquity of the rays fuppofe 
of 45 or 46 degrees, at which they are all reflected where air is ad- 
jacent to the glafs, they fliall be in a great meafure tranfmitted where 
water is adjacent to it. Which argues that their refledion or tranf- 
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miflion depends on the conftitution of air and water behind the 
glafs, and not on the ftriking of the rays on the parts o£ the glafs. 
Thirdly, if the colours made by a prifm, placed at the entrance of a 
beam of light into a darkened room, be fucceflively caft on a fecond 
prifm placed at a great diftancc from the former, in fuch manner 
that they are all alike incident upon it, (as they will be when tranf- ' 
mitted through the holes in the two boards made ufe of in the 2d Fig. i< 
experiment,) the fecond prifm may be fo inclined to the incident 
rays, that thofe which are of a blue colour (hall be all reflected by 
it, and yet thofe of a red pi-etty copioufly tranfmitted. Now if re- 
fledtion be caufed by the parts of air or glafs, I would afk why at the 
fame obliquity of incidence, the blue fhould wholly impinge on thofe 
parts, Co as to be all refledled, and yet the red find pores enough to 
be in a great meafure tranfmitted ? Laftly were the rays of light re- 
flected by impinging on the folid parts of bodies, their reflections 
from polifhed bodies could not be fo regular as they are. For in 
polifhing glafs with fand, putty or tripoli, it cannot be imagined that 
thofe fubftances can by grating and fretting the glafs bring all its 
leaft particles to an accurate polifh ; fo that all their furfaces fhall 
be truly plane or truly fpherital, and look all the fame way, fo as 
together to compofc one even furface. This manner of poHfhing 
with powders can do no more than bring the roughnefs of the glafs 
to a very 6ne grain, fo that the fcratches and frettings of the furface 
become too fmall to be vifible. And therefore if light were reflected 
by impinging upon the folid parts of the glafs, it would be fcattered. 
as much by the moft polifhed glafs as by the roughefl. So then it 
remains a problem how glafs polilhed by fretting fubftances can re- 
flect light fo regularly as it does. 

36. And this problem is fcarce otherwife to be folved than byBuebyaraf. 
faying that the refleflion of a ray is effcifled not by a (ingle point of ^iffufeT" 
the reflecting body, but by fome power of the body which is evenly in furfate. 
difFufed all over its furface, and by which it a£ts upon a ray without 
immediate contact. For that the parts of bodies do aCt upon light 

at a diltance, will appear by the following experiments. 

37. The fun (hining into my chamber through a hole a quarter ix. 
of an inch broad, I placed at the diflance of two or three feet from ■^*P"^'^"'* 
the hole a (lieet of paftboard, which was blacked all over on both aSs upon 
fides, and in the middle of it had a hole about three quarters of an JjlJ*" »' " 
inch fquarc for the light to pafs through. And behind the hole I at'traflTngLd 
fafteoed to the paftboard with pitch the blade of a (harp knife, to repelling ii. 
intercept fome part of the light which palTed through the hole. The 0*^700. 
planes of the paftboard and of the knife were parallel to one an- 
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other and perpendicular to the rays. And when they were fo placed 
that none of the fun's light fell upon the paftboard, but all of it 
pafTed through the hole to the knife, and there part of it fell upon 
the blade of the knife, and part of it palled by its edge ; I let this 
part of the light, which paflfed by, fall on a white paper two or three 
feet beyond the knife, and there faw two ftreams of faint light (hoot 
out both ways from the beam of light into the fhadow, like the 
tails of comets. But becaufe the fun's direA light by its brightnefs 
upon the paper obfcured thefe faint ftreams (o that I could fcarce 
fee them, I made a little hole in the midft of the paper for that light 
to pafs through, and fall upon a black cloth behind it, and then I 
faw the two ftreams plainly. They were like one another, and 
pretty nearly equal in length and breadth, and quantity of light. 
Their light at tnat end next the fun's direft light was pretty ftrong 
for the (pace of about a quarter of an inch or half an inch, and in 
all its progrefs from that direct light decreafed gradually till it be- 
came infenfible. The whole length of either of^thefe ftreams mea- 
fured upon the paper, at the diftance of three feet from the knife, 
was about fix or eight inches ; fo that it fubtended an angle at the 
edge of the knife of 10 or 12, or at moft 14 degrees. 
X- I placed another knife by this, fo that their edges might be parallel 

ExpcniDcnt, ^^^ j^^j^ towards one another, and that the ^am of light might 

fall upon both knives and fome part of it pafs between their edges. 
And when the diftance of their edges was about the 400th part or an 
inch, the ftrcam parted in the middle and left a fhadow between the 
two parts. This fhadow was fo black and dark that all the light 
which paflTcd between the two knives feemed to be bent and to be 
turned afide to the one hand and to the other. And as the knives 
ftill approached one another the fhadow grew broader, and the 
ftreams fhorter at their inward ends next the fhadow, until upon 
the contaft of the knives the whole light vanifhed and left its place 
to the fhadow. And hence I gather that the light which is leaft 
bent, and goes to the inward ends of the ftreams, pafles by the 
edges of the knives at the greateft diftance, and this diftance when 
the (hadow begins to appear between the ftreams is about the Sooth 
part of an inch. And the light which pafles by the edges of the 
knives at diftances ftill lefs and lefs is more and more bent, and goes 
to thofe parts of the ftreams which are farther and farther from the 
dircft lighf. Becaufe when the knives approach one another till 
they touchy thofe parts of the ftreams vanifh laft which are fartheft 
from the direft light. 

Our author has made it appear from thefe and fome other experi- 
ments. 
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ments, that bodies a6t upon light in feme circumftanccs by an at- 
tratSlivc and in others by a repulfive power. P'or he found that the 
Ihadows of hairs, threads, pins, ftraws, and Inch like flcndcr Aib- 
llances, placed in a flender beam of light let into a dark room, were 
con fiderably broader than they ought to be, if the rays of light palfed 
on by thefe bodies in right lines. Particularly he found that the 
fliadow of a hair of a man's head, at the diftancc of 10 feet from 
"the hair, was 35 times broader than the hair itfelf \ 

38. That this power which a6ls upon light is infinitely ftronger 
than the power of gravity will appear by the following argument." 
Sir Ifaac Newion has demonftrated that all bodies attract one another' 
by the force of gravity, and that the attradlive forces of two homoge- 1 
neal fpheres, upon particles of matter placed very near their I'urfaces, 
are to each other in proportion as the diameters of the fpheres '. That 
is to fay, if a refraftlng medium be fpherical and of the fame denfity 
as the earth, the earth's force of attra6lion near its furface, will ex- 
ceed the medium's force near its furface, as much as the diameter of 
the eartli exceeds the diameter of the medium ; or almoft infinitely 
with refpect to human conceptions. Yet \vc obferve that a cannon- 
ball, juftlhot from the mouth of the cannon, is fcarce fenfiblydefiedt- 
cd towards the earth by its attraction j and the leaft particle of the 
ball, if it was feparate from the reft, would be no more defle£led 
than the whole j becaufe gravity makes bodies of all forts and fizes 
defcend with the fame fwiftnefs, by affefling them alike whether 
joined or feparated. Therefore a particle of light which moves, t 
may fay, infinitely quicker than a cannon-ball, would be infinitely lefs 
bent than the particle of the ball by the attradlion of the whole 
earth, and rtill infinitely lefs, than this laft bending, by the attrac- 
tion of the fpherical medium, which was (hewn to be infinitely weak- 
er than that of the earth. But in fai5t we find it is very fenfibly 
bent or refracted -, and therefore it muft be affected by fome other 
power of the medium, which near its furface is infinitely ftronger 
than the power of gravity. 

39. It is difficult to determine the exaft law of this refraflive- 
power, or the degrees of its force at given diftances from the re- 
fracting furface. However fince we find that the eft'e(!l:s of gravity, 
which decreafe as the fquares of the diftances from the center in- 
creafc, are very fenfible at great diftances, we may conclude that the 
refractive power of a medium, which at its furface we find is infi- 
nitely ftronger than gravity, and yet vanillies at a very imall diftance 
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from it*, decreafes much quicker or in a greater proportion than 
gravity does. 

^wer both 4-*^' ^^ '^ icafonablc to conclude that bodies reflefl and refraft 
lefracis and light by oHc aud the fame power varioufly exercifed in various cir- 
Kflcfls light, (.utnftances ; becaufe when light goes out of glafs into air as ob- 
p!'^rH.°^' liqucly as it can poflibly do, if its incidence be made ftill more ob- 
' AK. 17. lique, it becomes totally refiefled'': (for the power of the glafs after 
it has reflefled the light as obliquely as is poflible, if the incidence 
be flill made more oblique becomes too ftrong to let any of its rays 
go through and by confequence caufes total refleilions:) And for 
this other reafon, that thofe furfaccs of tranfparent bodies which 
have the greateft refrafling power, reflect the grcateft quantity of 
light, as will be (hewn in the 47th article. 
d"ff*°'^rbo +'■ ^""^"^ '^^ different ratios of the fines of Incidence and refrac- 
dierareai tioo in a great many different bodies, our author has alfo collefted 
theirdenfidesthat (jjc fofccs of bodics to refleft and refrafl light arc very nearly 
i^wropt. proportionable to their denfities, excepting that un£tuous and ful- 
f-m- phuieous bodies refrad more than others of the fame denfity. 
Whence, he fays, it feems rational to attribute the refraftive power 
of all bodies chiefly, if not wholly to the fulphureous, oily particles 
with which they abound. For it is probable that all bodies abound 
more or lefs with fulphurs. And as Hght congregated by a burnii 
glafs afls moft upon fulphureous bodies to turn them into fire a; 
flame, fo fmce all a£lion is mutual, fulphurs ought to a£t moft up 
light. For that the action between light and bodies is mutual, may 
appear from this confideration; that the denfeft bodies which re- 
fraft and reflect light moft ftrongly grow hotteft in the fummer fun, 
by the aflion of the refracted or refleded light. If bodies be con- 
ceived to have certain denfities exaftly proportionable to their re- 
fraflive powers, thefe may be called their refractive denfities. 

42. The direction of the refrailive force of a medium, a6ting 
upon particles of light, is every where perpendicular to the refraft- 
ing furface. For whether this force be a real attraction, or whether 
fraaingfur- -j [jg ^u Impulfc upon light, caufed by the fpring or elaftick power 
of a fubtil fluid which pervades the medium, and being gradually 
denfer without than within it, may impel the light towards the 
« Newt. Opt. medium by its greater elafl:icity without than within'; be this as 
p. j»3, &c. you pleafe, yet if the medium be uniform in all its parts, its imme- 
diate power upon the light it felf, or upon the fubtil fluid which a£ls 
upon it, will be equally ftrong in every point of a plane drawn pa^ 
rallel to the refracting furface; though its ftrength may be diffen 
in the next parallel plane, and ftill different in the next, and fo 
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as far as that power is extended on each fide of the furface of the 
medium. The extent of this power will therefore be terminated 
by two planes, parallel to one another and to the refrafling furface ;Spaceof»ai- 
and the fpace between them may be called the fpace of aflivity, whe- *'*'"' "' 
ther the power attrafts or repels. This being premifed, I fay the 
force of the medium will aft upon light, either in attrafting or re- 
pelling it, in lines perpendicular to its furface. For let ^ be a par- Fig. 19, i*. 
tide of light afted upon by any uniform power in the line de paral- 
lel to the refrafling furface AB, pc a line perpendicular to thofe 
parallels, cutting de'inc; it is evident that the force of the power 
at c will move the particle p in the line^f ; and taking any two 
points d, e at equal diftances on each fide of c, the powers at d and 
e being equal and ailing at equal diftances, pd^pe, equally inclined 
to p c, cannot move p in any direction but that of / cj and what has 
been faid of the equal powers in the line de is applicable to the 
powers in every line drawn parallel to j^B, that is to the whole 
power of the refrafting medium. 

43. Now when a ray of light falls perpendicularly upon the (pace The manner 
of ai5tivity its particles will be accelerated or retarded in the fatne°|^"*^*'P*^V 
perpendicular dire6lion, according as the power of the medium a£t:s ing rcfrac- 
with or againft the courfe of their motion j and when the particles''""! and re- 
are got through that fpace they will proceed with an uniform vclo-pig, 1,.* 
city. But if a ray op or sr falls obliquely upon the fpace of activity 
klmn, the force of the medium now aiting fideways or obliquely 
upon the particles, will bend their courfe into a curve/yr, during 
their paiTage through that fpace. For as light has this proper ty in 
common with all other bodies, of moving ftraight forwards, while 
its motion is not difturbed by any oblique force, fo when it is di- 
fturbed, we may reafonably conclude, it will follow thofe other laws 
of motion, to which all other bodies are equally fubje^. The force 
of the medium a6ling fideways upon its obUque courfe, will there- 
fore di'aw it peipetually out of one direction into another. But 
having pafled through the fpace of ailivity, it will then proceed 
ftraight forwards; for being attracted or impelled every way alike, 
or elfe not all if it be in empty fpace, it will have the fame freedom 
of motion in both cafes : juft as an animal furrounded with air, 
though violently prefled on every fide, feels no conftraint, but has 
an equal facility of moving in any direction. Thus we fee that the 
refraction of light is performed in the fame manner as if a ftone 
was thrown in the diieftion (j/>, and its courfe was bent into a curve 
pqr by its gravity; or being thrown the contrary way in the direc- 
tion jr, it was bent into the curve rqp in afcending: and fuppofmg 

the 
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the attradlion of the earth to reach no higher than the line kl the 
Fig. 22. ftone would from thence proceed in a ftraight Yint po. Now the 
g|;avity of the ftone may be fo great, or^the force of projeftion fo 
weak, or the direftion of the motion fo oblique to the horizontal 
line klj that it cannot afcend fo high as this line. In this cafe the 
ftone will defcend from the higheft point of its courfe by the fame 
degrees of cui'vity with which it afcended ; and if its gravity be fup- 
pofed to ceafc in all places below the line mn^ the ftone will go on 
m the direftion of the laft particle of the curve produced. This is 
4 parallel cafe to that of refleflions from the farther furface of denfe 
mediums, when the incident ray is fo much inclined to that furface 
as to be pulled back into the fame medium. Hitherto I have fup« 
pofed the refrafting medium to be contiguous to empty fpace; but 
the manner of refleftion and refraction is the fame at the common 
furface of any two mediums. For fince the fcparate forces of the 
mediums a6l in the fame lines, perpendicular to their common fur- 
• Art. 42. £^^g a^ ^^^ jj^ contrary direftions 5 the light will be afFe6led with the 

difference of thofe forces in the fame manner as before. And if the 
mediums have equal forces they will balance each other, without 
caufing any refleflion or refraftion at all. It has been obferved al- 
ready that the perpendicular breadth of the fpace of activity is ex- 
ceeding fmall, and confequently in phyfical experiments the incuir-* 
vation of the ray may ftill be confidered as performed in a phyfical 
point. 
And in cauf- 44. According to this theory nothing more is requifite for pro- 
fcfcntfcfian. dicing all the variety of colours and degrees of refrangibility, than 
gibiiity of that the rays of light be bodies of different fizes; the leaft of which 
Newt o t ^^y make violet, the weakeft and darkeft of the colours, and be 
p. 347. ' more eafily diverted by refradling furfaces from its right courfe; and 
the reft, as they are bigger and bigger, may make the ftronger and 
more lucid colours, blue, green, yellow and red ; and be more and 
Fig. 23- more difficultly diverted. For particles of different fizes, that fall 
upon the- fpace of a£livity klmn in the line op^ having different 
forces, may defcribc different curves, z^ pa^ pbj pCy and confequently 
will emerge from that fpace in different angles. 

ia\^lz^^\ti ^5* '^^^^ "^^y heterogeneal particles diverge from one another by 
of^cflcawn" refraftion, though not by reflexion. For if the line of their inci- 
tobcthcfamcdence Op be fo oblique to the (pace of attraftion klmn^ that all the 
ray^s. °"*^ particles are pulled back into the fame medium, they will return in 
Fig. 23. parallel lines r i, tv^ x% &c. inclined to that fpace in the fame 
angles as the line of incidence op is inclined to it. Juft as feve- 
ral balls of different fizes, ftiot with different forces out of a can-. 

non 
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non op in any fixt pofition, will defcribe different curves, as pdr^ 
pet-, pfx, &c. yet in returning to the ground they will all ftrike 
upon it in equal angles, at r, t, jc, ficc. every one being equal to the 
angle of elevation at p. Now fince the fpace of attrai^ion is ex- 
ceeding thin, the parallel lines rj, r-u, &c. will be fo clofe together 
that the fenfc cannot perceive a diftinft fenfation of the feparated 
particles, and confequently the reflefted and incident light will ap- 
pear of the fame colour. And when the incident light confilts of 
leveral rays, though the particles in each ray may be a little feparated 
after reflection, and proceed in different hnes, yet thofe fevera! lines 
will be mixt together, and confequently the reflected light will ap- 
pear white or of the fame colour as the mcident light. 

46. Sir Ijaac Newion's notion of the caufe and manner of reflec- And in «uf. 
tion from opake bodies, and from the tirft furface of tranfparentJ"gS^^fj^''j;, 
bodies, feems to be this that follows. Let the attra6tivc power ofopakc bodiM 
the denl'e medium ABCD end at the line kl, and there let the re-^l^j^iJ;;'^^^^} 
pulfive power begin*, and let it end at the parallel line hi; and when trmfparent 
a ray op falls from air upon the fpace of repulfion bikl, it will be™"- 
perpetually diverted from one direftton into another by the oppofi- • ak^Vt. 
tion of the repulfive force, and fo will defcribe a cun'e;>7r, till it 
emerges from that fpace in the fame angle at r with which it im- 
merged at^, and then it will proceed in a right line rs. This will 
be the courfe of ihe ray if its progrefllve force be but weak, or the 
repulfive force be fo itrong as to hinder it from entering the fpace 
of atlraflion klmn. For if it enters this fpace, inftead of being re- 
flefted, it will be refracted into the denfe medium. And in reality 
fome part of the incident light is always refledcd and fome refra6led 
at all tranfparent furfacesj the caufe of which our author has alfo 
Confidered ". 

denfe me- 
For if the 
bending of a ray by the repulfwe power, was not lefs than the con- 
trary bending made by the attraiflive, the refraflion into a denfe 
medium could not always i-e made towards the perpendicular, as it 
always is. We may alfo obferve that a refracted ray, in its paflage 
through the furface of a tranfparent medium, is bent, backward and 
forward with a motion like that of an eel; and our author takes 
notice of the fame foit of motion in its paffage by the edges and 

I fides of bodies. It follows alfo that the rcjiuKive power does not 
extend to a fenfible diftance from the medium; for if it did, it would 
be difcovered by a fenfible incurvation of the ray throughout that 
extent ; contrary to experience. 
47. Thofe 
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Hence it feems to follow that the repulfive power of e 
<lium is lefs extended or elfe weaker than the attra^lve. 
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Thofe fuperficies of tranfparent bodies reflefl the greateft 
quantity of light which have the greateft refraftive power; that is 
which intercede mediums that differ moft in their refraflive densi- 
ties ': and in the confines of equally refrafling medioms there is no 

• An. +1. refleftion. The analogy between refraftion and reflection will ap- 

pear by confidering, that when light paffes obliquely out of one me- 
dium into another which refrafls from the perpendicular, the greater 
is the difference of the refracting denfities, the lefs obliquity of in- 

* Art. 17. cidence is requifite to caufe a total refie<Sion ''. Thofe fuperficies 

therefore- which refraiSt nioff, do fooneft refieft all the light which is 
incident upon them, and fo muft be allowed mofl ftrongly refledlive. 
But the truth of this propofition will farther appear by obferving, 
that in the fuperficies interceding two tranfparent mediums (fuch 
as are air, water, oil, common glafs, cryftaj, metalline glafs, ifland 
glafijes, white tranfparent arfenick, diamonds, &c.) the reflection is 
;ftrongei- or weaker accordingly as the fuperficies hath a greater or lefs 
refraflive power. For in the confine of air and fal-gem it is ftronger 
than in the confine of air and water, and ffill ftronger in the con- 
fine of air and common glafs or cryftal, and ftronger in the confine 
of air and a diamond. If any of thefe and fuch like tranfparent 
folids, be immerged in water, its refle£tion becomes much weaker 
than before, and ftill weaker if they be immerged in the more 
ftrongly refra6iing liquors of well redified oil of vitriol or fpirit of 
turpentine. If water be diftinguiftied into two parts by an imagi- 
nary furface, the refle<5tion in the confine of thefe two parts is none 
at all; in the confine of water and ice it is very little; and in that 
of water and oil it is fomething greater; in that of water and fal- 
gem ftill greater, and in that of water and glafs or cryftal or other 
denfer fubftances ftill greater, accordingly as thofe mediums differ 
more or lefs in their refrafVing powers. Hence in the confine of 
common glafs and cryftal there ought to be a weak reflexion, and 
a ftronger refle(5lion m the confine of common and metalline glafs, 
though I have not yet tried this. But in the confine of two glafies of 
equal denfities, as of two objedt-glafles of long telefcopes preffed 
gently together, there is not any fenfible reflection. For objects 
may be feen by rays obliquely tranfmitted through a round black, 
fpot where the glaffes touch one another, but not through other 
places where the light is refleiSled at the interval between the 
glaffes. And the fame may be underftood of the fuperficies inter- 
ceding two cryftals, or two liquors, in which no reflexion is caufed. 
So then the reafon why uniform pellucid mediums, fuch as water, 
glafs, or cryftal, have no fenfible refleilion, but in their external fu- 
perficies, 
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pei'ficies, where they are adjacent to other mediums of a difFerent 
denfity, is becaufe all their contiguous parts have one and the fame 
degree of denfity : or this uniform denfity of their contiguous parts 
is a neceffary condition of the tranfparency of the whole. 

48. The leaft parts of almoft all natural bodies are in feme mea- Opacity cau- 
fure tranfparent: and the opacity of thofe bodies arifeth from the[^^jj'"/j'^,^ 
multitude of refleftions caufed in their internal patts. That this temai re- 
is fo hath been obferved by others, and will eafily be granted by^"^'""!: 
them that have been converiant with microfcopes. And it may alfo p. Tji. 

be tried by applying any fubftance to a hole, through which fomc 
light is immitted into a dark room. For how opake foever that 
fubftance may feem in the open air, it will by that means appear 
very manifeftly tranfparent, if it be of a fufficient thinnefs. Only 
white metalline bodies muft be excepted, which by reafon of their 
exceffive denfity feem to reflecft almoft all the light incident on their 
firft fuperficies ; unlefs by folution in menftruums they be reduced 
into very fmall particles, and then they become tranfparent. 

49. Between the parts of opake and coloured bodies are many The conftim- 
fpaces, either empty or repleniftied with mediums of other denfi-tionofopike 
ties; as water between the tinging corpufcles wherewith a liquor is ^^^j"'^^" 
impregnated; air between the aqueous globules that conftitute Newt. Opt. 
clouds or mifts; and for the moft part fpaces void of boih air andP- *'3' 
water, but yet perhaps not wholly void or all fubftance, between the 
parts of hard bodies. The truth of this is evident by the two pre- 
ceding articles. For by the latter arricle there are many reflexions 
made by the internal parts of bodies, which by the former article 
would not happen if the parts of thefe bodies were continued, with- 
out any fuch interftices between them : becaufe reflections are caufed 
only in fuperficies which intercede mediums of a difFerent denfity by 
article 47. 

But farther, that this difcontinuity of parts js the principal caufe 
of the opacity of bodies, will appear by confidering, that opake fub- 
ftances become tranfparent by fiUing their pores with any fubftance 
of equal or almoft equal denfities with their parts. Thus paper 
dipped in water or oil, the ocului mundi ftone fteeped in water, linen 
cloth oiled or varnifhed, and many other fubftances foaked in fuch 
liquors as will intimately pervade their little pores, or feparating 
parts, become by that means more tranfparent than otherwife. So 
on the contrary, the moft tranfparent fubftances may by evacuat- 
ing their pores, or feparating parts, be rendered fufficiently opake; 
as falts or wet paper or the oculus mundi ftone by being dried; horn 
by being fcrapcdj glafs by being reduced to powder or otherwife 
D flawed i 
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flawed; turpentine by being ftirred about with water till they mix 
imperfcftly; and water by being formed into many fmall bubbles, 
either alone in the form of froth, or by fhaking it together with oil 
of turpentine or oil of olive or with fome other convenient liquor, 
with which it will not pcrfedtly incorporate. 
ThcccoftJtq- 50. The parts of bodies and their interftices muft not be lefs than 
'»o» of ^^/" of fome definite bignefs, to render them opake and coloured. For 
wh^? **' the opakeft bodies, if their parts be fubtily divided, (as metals by 
Newt Opt. being diffolved in acid menflruums, &c.) become perfedly tranfpa-* 
P- **5- rent; and at the fuperficies of the objeft-glaffes, mentioned in the 
47th article, where they were veiy near to one another though they 
did not abfolutely touch, there was no fenfible refle^ion« And 
likewife if a bubble be blown with water firft made tenacious by 
difTolving a little foap in it, and be covered with a clear glafs, to die- 
fend, it li'om being agitated by the external air, and be fuffered ta 
reft a while, till by the continual fubfiding of the water it becomes 
very thin; at the top where it is thinneft, there will grow a rounds 
black, fpot (like that between the objeft-glaffes) which will conti- 
nually dilate it felf more and more till the bubble breaks; now this 
fpot appears black and tranfparent for want of a fenfible refle£tlcn, 
whereas the fides of the bubble which are thicker thaa the top nsj^ 
pear coloured and opake by a ftrong refleftion. 

On thefe grounds I perceive it is that water, fait, glafs, ftones and 
fuch like fubftances are tranfparent. For upon diverfe confiilerations 
they feem to be as full of pores or interftices between their parts as 
other bodies are, but yet their parts and interftices to be. too AulL 
to cauCe refle£tiotis in their common furfaces. 
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Chap. IV. 



Concerning THE Refractions of a single Ray of Light 

IN ITS PASSAGE THROUGH A PRISM, GlOBE, OR LENS. 



51. \ RAY of light EF falling obliquely upon a flat piece of Refraflion of 
,£~\, glafs, or any medium terminated by two parallel p'^n^s p">'|[^^[''p"^8^ 
reprefented by the lines AB, CD, will emerge from it after both re-Furfacci. 
fraflions at /and G in a line GH parallel to the incident ray EI'J'S-'S- 
For fmce any line FG which the ray defcribes in palTmg between 
the parallel planes, is equally inclined to them both *, it will be bent ■ Eud. i. »g. 
as much at G in going forward, as it would be at F in going back- 
ward''; and thefe equal bendings being made contrary ways, the*Art. u. 
incident and emergent rays JEFand GH are therefore parallel. 

j2. The lines delcribed by the incident and emergent lays £pRffraflioa of 
and GH, being produced are clofer together when the glafs is thin-p^''*^j,'^*j'°p|8^ 
ner, and alfo when the ray falls lefs obliquely upon it; becaufe the ricai furfacw. 
bendings at F and G are then lefs ': and in thefe cafes if the glafs ' Art. 16. 
be not flat but bent a little as reprefented in the 26th figure by two 
parallel arches AB, CD, the line EF, GH will ftill be nearly pa- 
rallel. For the bended furfaces refract the ray EFGH juft as much 
as two planes would do fuppofing they touched the furfaces at F 
and G*"; and thefe planes will be nearly parallel when the lineFG is'' Art. 19. 
but little inclined to the furfaces j being exadly fo wlien it ftands 
perpendicular to them both. 

§;^. A thin piece of glafs or of any tranfparent fubftance bounded A lens what, 
on one fide by a polilhed plane furmce, reprefented by the line EF, 'S-*?''"^'* 
- and on the other fide by a fmall portion of a polifhed fpherical fur- 
face, reprefented by the arch ACB-, or bounded on both fides by 
(fpherical furfaces JlCB, EDF, is called a lens or fimply a glafs ; 
and is conceived by mathematicians to be generated or defcribed by 
turning the figwre A C B F D E round about the line CD, drawn 
through the middle of it perpendicularly to both its fides. This line 
CD produced is therefore called the axis of the Icns; and it pafles 
through G and H, the centers of its iinfaccs. The points C, D \1 

where it cuts the furfaces are called the vertexcs of the lens, and 
the middle point between them is called its center. The 27th fi- 
gure rcprefents a plano-convex glafs, the 28th a plano-concave, the 
fc aqxh a double-convex, the 30th a doable-concave, and the 3111 and 
K D 2 ^2d 
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32d two concavo-convex glafles, whereof the firft is called a menif- 
cus, becaufe it refembles a little moon. It muIV be remembered 
once for all, that the thicknefs CD of all thefe glalTes is generally 
fo fmall, that it feldom need be confidered ". 
Rtfraftioasof 54. When a ray of ligh t £ FG H is refrafled at F and G in pafling 
)u ha' *^''0"gli tlie fides, j4B, BC, of a prifm, the courfe of the emergent 



• Art. 61. 



a fingie 



Fig- 3S- 



» An. 1 1. 
Fig. 34. 



ray, GH, always deviates from, EF, the courfe of the incident ray, 
^'g- 33> 34> towards the thicker part of the prifm, more or lefs, as the refracting 
^** angle j^BC is greater or fmaller. And if the refrading angle be 

given (or invariable) and the refraiftions be but fmall, the quantity 
of deviation will alio be given, though the pofitlon of the incident 
ray be varied at pleafure. 

For fuppofing at firft that the ray FG, within the prifm, is equally 
inclined to its fides AB, BC, as in fig. 33, it is evident from the 
pofition of the perpendiculars to thofe fides at the points F and G, 
that both the refractions are made from the edge B towards the op- 
pofite fide ^C^. 

Now let FG become unequally inclined to the fides AB, BCy by 
turning it gradually into the pofition/^; and while it becomes 
lefs and lefs oblique to one fide, fuppofe AB, it will become more 
and more oblique to the other fide BC. Confequently fuppofing a 
ray to go both ways along this variable liney^, it will be more and 
more bent in going through the fide BC and lefs and lefs in going 
back through the fide AB; fo that the total bending of the ray, con- 
fiftingof both its bendings, or angles efg and fgh, taken together, 
will continue to be much the fame in all its pofitions. The circulation 
of the liney"^, may be farther continued till it becomes perpendicular 
to the fide AB; and then the bending at this fide is nothing : it mar 
alfo be continued ftill farther till the bending atyis made the con- 
trary way; which ftill takes off from the perpetual increafe of the 
greater bending at g and keeps the total bending invariable. 

When y'^ is perpendicular to AB, let the latter plane BC be 
turned gradually towards the former BA, upon the edge B, and the 
ray that conies along fg will gradually fall lefs obliquely upon it; 
and confequently the bending at g will be gradually diminiihed'; 
and reduced to nothing when the refrading angle ^fiCvaniflies. 
Laftly if feveral homogeneal rays be fuppofed to come parallel to 
one another they will all emerge parallel to one another ■■. There- 
fore the quantity of deviation of a ray does not at all depend upon 
its paflage through a thicker or thinner part of the prifm, nor upon 
its inclinations to the fides of the prifm, but is proportioned to the 
quantity of the refraining angle ABC; and the more exadtly as this 
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angle and the refraiflions at its fides are fmaller. The truth of this 
conclufion is proved mathematically in the next article. 

55. If the angles of incidence and refradtion of a ray, ^jiCS^^'Si^'i?- 
that pafies through a very fmall angle of a pnfni, y^IC, be fo little 

as to be reckoned proportionable to their fines ; the angle of devia- 
tion RFS, contained under the incident ray ^AFR and the emer- 
gent ray SCFT produced, will be to the refradiiig angle AIC, as 
the difference of the fines of incidence and refraftion to the lefler of 
them; and confequently the magnitude of the angle of deviation 
RFS will be invariable in all pofit:ons of the ray. 

For let the perpendicular AB, to the firft furface AI, crofs CD, 
the perpendicular to the fecond, in E ; and fuppofing the ray AC 
to go both ways out of the prifm, the angle of incidence ACD will 
be to the angle of emergence DCT, in the given ratio of the fine of 
incidence to the fine of refraftion, that is of / to r; and disjointly^ 
wt have ACD to ACT as itor — /; and the angle 6".^ £ is to CAR, 
in the dme ratio, fuppofing the ray to go backward along CA; and 
conjointly or disjointly we have ACD=±= CAB XoACT^±^ CAR, 
that is AED or AIC t(yRFS in the fame given ratio of ;' to r — /'. 
^E.D. 

56. Carol. I. Hence any two homogeneal emergent rays produced, 
will be inclined to one another in the fame angle as the two incident 

rays are inclined to one another. For let the two incident rays ^F. y/Fig- 38. 
(produced) meet in K; and let the emergejit rays SF, jy (produced) 
meet in L; and let one of the incident rays crofs the other emergent 
ray in M; and fince in the triangles KMF, LMf, the angles at M 
are equal and alfo thofe at F and /"by article 55, it follows that the 
remaining angles at K and L are alfo equal. 

^y. Carol. 2. When the ray AC within the prlfin, coincides with Fig. 39. 
a perpendicular to either of the planes, as with AB ; one of the re- 
fraflions will vanifli at A; and then the angle of deviation RFS 
made by the other fingle refra6lion, will continue the fame in quan- 
tity as before, when it was made by two refraflions ; becaufe the 
magnitude of the angle of deviation is invariable by article 55. 

58. Corol. 3. Therefore when an heterogeneal ray is feparated into 
coloured rays, by fmall refraflions through a fmall refracting angle 
of a given quantity, the emergent rays of given colours will be in- 
clined to one another and to the incident ray in certain given angles, 
in all pofitions of the incident ray. Becaufe thefe inclinations made 
by two refraftions, are every where equal to the inclinations made 
by a fingle refraction at the fecond plane, when the incident ray falls 
I perpendicular upon the firft plane. 

59. When. 
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J^ *£^a*^^ 59- When a ray of light EFGH paffes through the edge of a 
ti^gii'the convex or concave lens, or the fides of a globe, its emergent part 
•*^<>^* GH always deviates from th€ courfe of the incident part EF to- 
SSofa^^ wards the thicker part of the glafs, if the medium in which they 
iiobc. are placed, is rarer than the globe or lens. For the refradtions at 
Fig.40.t047. p ^^^ Q ^^^ ^Yic fame as if they were made by two planes FA, GC^ 

• Art. 19. that touch the fpherical furfacc at F and G ■ ; and fo the fides of the 

glafs may be confidered as inclined to each other like the fides of a 

prifm. But the courfe of the ray is bent towards the thicker part 

? , «> Art. S4- of the prifm **, and therefore towards the thicker part of the globe 

or lens. 

The 44th and 59th figures reprefent the refraftions of a ray paC- 
fing through a fphere placed within a medium denfer than itlelf 5 
the bending of which ray may, in like manner, be proved to be to- 
wards the thinner part of the fphere. 
Refraaions 6o. From the fame method of reafoning it follows, that the de- 
ihrougl^ihc^ viation of the courfe of the emergent ray from that of the incident 
middkofa ray IS gradually diminiftied as the ray goes nearer and nearer to the 
¥\^ 8 to n^i^^l^ of the glafs; till, when it goes through the middle, its emer- 
gent and incident parts are either parallel to each other, or clfe arc 
one continued line, when the ray coincides with the axis of the glafs. 
For the angle made by the touching planes, FA, GC^ is gradually 
diminifiied as the ray FG approaches to the middle: till at laft it 
vanifhes^ when they become parallel, as in the 51ft article ♦. 
confidered as ^i. When a pcncil of rays falls upon any glafs, that ray which 
ftraieht, and pafles through its center, or middle point, is called the axis of the 
axUof apcn. P^^cil. And bccaufe its incident and emergent parts E F and GH^ 
cii. are either one continued line or two parallel lines % its whole courfe 

« Art. 60. ji^ optical experiments may be always taken for one ftraight, phyfi- 

^ The author's demonftration of this article bdng applicable to thofis cafes onlj* in 
which the angle at the vertex of the touching prifm and the angles of incidence are very 
* Art. 55. fmall% the following demonOration of the manner in which a ray is refraAed by thie 
fides of a gfabe is inRrrted from Dr. Barrow's Opt. Le6l. 

Proposition. The farther a ray is d'ijlant from the center of a globe through winch it 

pajfes, the greater wilfbe its deviation. 

Fig. 60. Let NRSP reprefent a globe, which differs in denfity from the mediom in which ic 

is placed; RS^ NP^ two rays pafling through it, of which RS is the more remote from 
the center C, than NP is. Draw the radri CAT, CP, CRy CS, and the angle RCS will 
b Euc.III.15. ^^ ^^'s than the angle NCP^. Therefore the fum of the angles CRS^ CSR is greater 
6c 1. 25. than the fum of the angles CNPy CPN^\ and each of the angles CRS^ CSR is greater 
« Rue. F. 32. than each of the angles CNP^ CPN^. But the angle of refraction at R exceeding that 
^ Euc. I. 5. at A^, the angle of incidence at R will alfo be the greater*. Since therefore the angles 
« Art. 1 3. of incidence at R and 5 are greater than thofc it N and P, the deviation of ii^f is greaur 
f Art. i6. than that of NP ^ ^ E. D. 
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cal line: from which it difFers infenfibly when the thicknefs of the 
glafs is fmall, and when the pencil falls not too obliquely upon it. 
Becaufe the parallel lines EF and GHpioduced, go clofer together 
in proportion as the line FO'is ihorter, and as the bendings at F 
and G are fmaller. 

62. When two homogencal rays are refraiSted through the fame Refraiiions 
point of any lens, whole thicknefs is inconfiderable, the angle con- eJ"°i ^1^^°' 
tained under their incident parts is equal to the angle under their through the 
emergent parts. For the thicknefs of the lens being very fmall, if an'^^^ns"'" 
the rays have a common point of incidence, thy r points of emergence 

will be very near one another; or if the point of emergence be 

common to both rays, their points of incidence will be very near 

one another; and ftill nearer if the rays crofs one another within F'g- s'- s'* ] 

the lens -, confequently the refra£lions through the lens will be 

nearly the fame as through two planes, that touch its furfaces at 

two given points^ near the points of incidence and emergence, and 

contain a given angle with one another'. • Art. 56. 

63. An heterogeneal ray, refra6ted through a given point in a Refraflion* 
lens, has the fame property as in the prifm ; that is, the emergent °^^'^ hewro- 
rays of given colours are inclined to one another and to the incident Through the 
ray in given angles in all pofitions ; for the reafons mentioned in fame point in 
the laft article and in article 58. ""^ '^"'■ 

64. All rays, as BFGH and efgh, which crofs each other in ai^^ys^e 
refrafting globe, and pafs through it at equal diftances from its Xkh^'pafrM 
center, fo as to touch a concentrick globe, are equally bent. For<^quai Jiiian- 
in this cafe the chords FG, fg being equal, their obliquities to the"^^^'^^''^^^''* 
furface of the globe are alfo equal, and confequently the bendings globe. 

of the ray EFGH at F and G, both feverally and together, are^'s-sSwjg. 
equal to the bendings of the ray efgh aty"and p: as is evident by 
conceiving the rays to go both ways along the chords FG, fg. 
Therefore the angle made by the incident and emergent parts of 
one ray, produced till they meet, will be equal to the angle made 
by the incident and emergent parts of the other ray produced till 
they meet } which is what I mean when I lay the rays are equally 
bent. 

65. All rays, as EFGH, efgt, which crofs each other at any And from the 
given point of a lens, or which pafs through it at equal diftanceSj*^",'""'^" 
from its center, are equally bent, provided they do not fall very oh- Fig. 57. 58. 
liquely upon it. Imagine a line FG within the glafs, at firft to be 
equally inclined to its fides, and then to be turned a little about any 
point of it, till it comes into the pofitiony^ j and while it becomes 
more and more oblique to one fide of the ^afs, fuppofe FJ\ it will 

become 
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become lefs and lefs oblique to the other fide Gg, Confequently 
if a ray be fuppofed to go both ways along this variable liney^ it 
will be more and more bent in going through the fide Ff, and lels 
and lefs bent in going through the other fide Gg ' : fo that the total 
bending of the ray confifting of both its bendings, or angles f/g, 
fg bf taken together, will continue to be much the fame in all its 
pofitions. The circulation of the liney^-, about the given point, 
may be farther continued till the bending at g is diminiihed to no- 
thing; and flill farther till it be made the contrary way; (as was 
explained in the 54th article ;) which ftill takes off from the perpe- 
tual increafeof the greater bending at/" and keeps the total invana- 
ble. To keep the fame bending it is only necelfary that the rays 
FG, fg fliould keep at equal diftance from the axis of the lens as 
near as poflrble: and nothing alters the total bending but the al- 
teration of that diftance ""i becaufe the incUnation of the tangent 
planes, like the refrading angle of a prifm, will then only be 
altered. 
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To FIND THE Focus OF RAYS REFLECTED FROM 

GIVEN Surface. 



PROPOS IT ION I. 

66. T ET ACE be a refleSfing plane, and CXj^he focus of the incident 
I J rays, and QC a perpendiculario that plane; and if this perpen- 
dicular be produced to q, fo that (\Q. he equal to QC, the point q jball 
be the focus of the refieSied rays. 

For let ^A be any incident ray ; draw qA and produce it towards 

O, and CA towards D. Then becaufe Cq is made equal to C^, the 

■SthAi.Eac. triangles CAq, C^^will be equal'. And confequently the angle 

DAO, which is equal to the oppofite angle CAq, is alfo equal to the 

►Art. 9. angle Cv^^ Therefore ^O is the refleaed ray ^ ^E.D. 

67. Carol. Hence all the rays that flow towards q, will flow to ^ 
' Art. 1 1, after refledlion '. 

Le M MA. 

68. ^antities and their proportions, which Jo approach to a fiate of 
equality as to became equal at lajly may be taken for equal in a fate imme- 
diately 
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diately preceding the laji ; and aifo 



33 
ijo tn a ftate Jometvhat remote from the 
laft -without fenJJble error in pbyjical fubjcSfs'. and the fame may be /aid of 
figures ivbfcb continually approach to ajiate of fimilitude j effedally if tbeje 
errors., ivhen commuted, are found inconjiderable. 

The meaning of the lemma will appear very plain when applied 
to the following propofitions. 

Proposition II. 



69. When parallel rays as DA, ^C fall almoft.perpendicularly upon rtFig- 6».*3- 
fpherical furface ACB, the focus, T, of the refeSled rays laill btjedl that 
jemidiameter E C, which is parallel to the incident rays. 

For drawing E^4, it will be perpendicular to the fpherical Airface 
at ^, and fince EC is in the fame plane as the angle of incidence 
DAE, the refie£led ray Aq (produced backwards in fig. 63,) will 
meet EC Ibmewhere in y'j fo that the angle of reflexion EAq may' ^""t 7- 
be equal '' to the angle of incidence EAD, or to the alternate angle *■ An. 8. 
AEq. The two fides Aq^ Eq of the triangle AqE are therefore 
equal to each otlier'; and confequently each of tliem greater than' Euc 1.6. 
half the third fide E^4, or than ET by conftruiftion. But as the 
point of incidence at A approaches towards C, the lines Ej, ET, 
continually approach towards equality, and become equal when the 
triangle AEq is vanifliing: and fo the focus of rays falling almoil 
perpendicularly on the furface, or the neareft to the point C, is to be 
reckoned at 7 \ ^. E. D. * Art. 68. 

70. Corol. Hence if T be the focus of the incident rays, the re- 
fledlcd ones will go parallel to the line TE '. ' An. 1 1 . 

The point T is called the principal focus of the refle£ler A CB, and 
TE its focal diftancc. And in general, when the rays come parallel to 
each other, that point to which they converge or from which tliey di- 
verge after refleaion or refradlion, is called the principal focus of the 
Irefledter or refrader. And the diftance of that point from the center 
of the reflei5tcror refraiSler is called the focal dijlance of ih^ reflefler or 
refrafter, and by fome authors its focal length; in figures 8g, 90, 95, 
6cc. to 100, F is the principal focus, andi^£ the focal diftance. 



Proposition III. 

71. Let ACB be a refe0ing furface of anyfpbere whofe center is E. Fig. 64. fij. 
Bi{e£f any radius thereof Juppofe EC, in T ; and if in this radius, on the 
fame fide of the point T, you take the points Q^nd q, fo that TQ, TE 
and T q l^f continual proportionals ; ojjd the point Q^r the focus of the 
incident ravs, the point q pjall be the focus of the refeSfed ones. ~ 

E Let 



» Art. 8. 
' Euc. 1. 29, 
* Euc, 1. 6. 



* Euc. L 19, 
( Euc.Vl. 4. 



^ Art. 71. 
' Euc.Vl. i; 



■ Art. 69. 
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Let ^jizm\ Ag be an incident and reflected ray (produced) making 
equal angles with the perpendicular ylE', and the reflected ray^y 
(produced) will cut ^E (produced) fomewhere in 7, as being in the 
plane of incidence EA^'. Draw EG parallel to Ag, and let it 
meet A^ in G; and alfo Eg parallel to A^^ meeting Ag in gi 
then becaufe the angles EAG, EAg are equal *•, it follo\YS that the 
triangles EA G, EAg are equiangular at their common bafe AE', 
and therefore equicrural'*; and alfo equal to each other; and con- 
fequentiy each fide of the equilateral figure AG Eg, in its vanilh- 
ing ftate when A comes to C, will be equal to half its diagonal AE'^ 
or by conftruiflion to El. Now becaufe the triangles G ^E,gEq are 
equiangular ', it will be as G^to GE, (o gExo g g^-, that is, when 
the point A is coinciding with C, and confequcntly the points G^g 
with r, as T^to TE fo TE to Ta^. ^.E.D. 

72. Corol. I. If ^ be the focus of incident rays, ^wil! le the fo- 
cus of the reflected ones '. And if either of thefe focufes recedes from 
T, the other will approach towards it. For the middle term TE of 
the continual proportionals T"^, TE, TyS being invariable in the 

■ fame reflecter, the rectangle under the extremes is alfo invariable '; 
and therefore T^ varies as Tq inverfely. Thefe focufes will meet 
each other at the center E, and at the furface C, For at thefe points, 
the three terms in the proportion are equal ". 

73. Coral. 2. The rays that belong to ^may be reckoned parallel 
when the diftance T^ is infinite, and then by this propofition its re- 
ciprocal Ty becomes nothing; which is the fecond propofition. 

74. Corol. 3. Hence alfo we may deduce the firft propofition j for 
fuppofing ^the focus of incident rays upon the convex furface 
AB; fince T^, TC, Tq are continual proportionals, it is well known 
that their differences C^, Cq muft become equal when the lines 
themfelves are infinitely great; that is when the furface becomes a 
plane by removing its center to an infinite diftance. 

The figures ferve for the cafes of a convex furface fuppofing the 
incident rays to go backwards in the fame lines produced through 
the furface. 

j^. By the demon ft rations of the two laft propofitions, it appears 
that the focus of reflei^ed rays there determined, is nothing elle in 
ftriftnefs of geometry, but the interfe£lion of the axis of the fur- 
face, that is of the ray paffing through its center, and of the neareft 
rays to it: and alfo that other rays interfeft the axis in different 
points farther and farther from that focus, as they fall farther 
and farther from the vertex of the furface. So that a fpherical 
furface cannot poflibly reflect all the incident rays to a fingle 

point. 
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point *. Neverthelefs when thefe aberrations of the remoter rays 
from the geometrical focus fliall be confidercd, it will appear here- 
after, that the denfity of their interfcctions, near that focus, is im- 
menfely greater than their denfity at 3ny confiderablc diftance from 
it. So that in phyficai things, the focus of all the rays, that fall 
almoft perpendicular upon a fpheiical fiirface, may be coufidered as 
a phyficai point. And the fame is to be underftood of the focus of 
refracted rays, as will appear by the like fort of demonftrations'. ■ Chap. xi. 

76. Hence it appears that the focus of rays refleifted from any 
curved furface whatever, muft be reckoned the fame as if they were 
reflefted from a fpherical furface of an equal curvity to that furface 
about the points of incidence. As if CD be any curve whatever, C Fig. 66. 
the point of incidence, CE ^ perpendicular to the curve, or to its 
tangent at C, CE the radius of a circle ACB of the fame degree of 
curvity at C; the rays coming parallel to C£, will be reflected to the 
fame focus T from either of the furfaces ; and alio the rays that flow 
from any point ^, will be reflefted by either furface to the fame fo- 
cus q. Becaufe we conflder the focus of thofe rays only, that fall 

• All the incident rays belonging to the fame pencil may be reflci5led to a (ingle 
point by means of furfaces, wliich are gpncrattd by the revolution of feme conic fc<5iion 
round its tranfverfcaxis. For 

ill. Let JC reprefent a parabola, the axis of which is C^and focus T; defcrlbe a Fig Gj. 
paraboloid ^CBby turning AC round its axis; draw £F touching its furface in any 
point A; draw alfo the diameter i/y/D, join ,^7'and produce it to t Now the angles 
D/fF, TAE are equal', and iherefote ihc angle dA E equals lA F. Since then the in- ■Hamilton'i 
c.dentand rcfleifled rays arc equally inclined to thcrcfleifling plane", if DA and dA be Conies.ll.ij. 
incident rays, ^^yand At will be their refpcdivc reflei^ed rays; or If TV/, tA be inci- '■Arc, 9. 
dent rays, AD, Ad will be their refpeflivc rcfleifled rays. 

Hence, all the rays which are incident on the concave tide of this paraboloid parallel 
to its axis will be reflei^ed converging to the focus : and all the rays, which diverge from 
the focus will be reflected parallel to the axis. I'he convex furface will make parallel 
rays diverge from a fnigle point, and converging rays go parallel, after refleilion. 

adiy. Let .yc'i^reprefent an ellipfe, and ACB an hyperbola, the tranfverfe axis of Fig, 63, 6g. 
which Is ^C, and y, C, the foci i let a fphcroid be generated by turning the ellipfe 
^AC round .36', and an hyperboioitl by the motion of AC round its tranfverfe axi?; 
draw EF toucliing the furface in any point A; join TA, DA, and produce them to ( 
ind d. Since the angles, which TAt, DAd, make with FE are equal', and fince the t HimiltonS 
incident and refteiicd rays are equally inclined 10 the reficiiling plane ", it is evident thai, ConiM.II, 16, 
if TA oT I A^c an incident ray, Ad or AD will be llie direAJon in whi.li they arc re- Sc 17. 
fleaed. 

Hence all the rays, which are incident divcrft>ng from one focus of the fpheroiij, will 
he reflcdlcd convetgiog to the other focus-, and all the rays, which arc incident upon 
the convex fide of the fphcroid converging to one focus, wall he rcfleifled diverging from 
the other. In like manner, the convex fide of the hyperboloid will make a pencd of 
diverging rays di» ergc from, and a pencil of converging rays converge to, a fingle point 
after reflr(9ion. It will make diverging rays diverge more, and converging ravs con- 
verge lefs. And the concave fide of this renetlcr incrcafes the convergency, anJ leffens 
the divergency, of a pencil of 1 
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$6 Concerning Images Chap.6> 

upon the common points of both curves about C, all the reft being 
difperled much thinner into other places. 

77. In all thefe propofitions when the focufes ^, q lye on the fame 
fide of the refleding lurface, if the incident rays flow from ^thc 
refledled ones will flow towards q ; and if the incident rays flow to- 
wards ^, the refle6led ones will flow ixovaq-y and the contrary hap- 
pens when ^ and q are on contrary fides of the furface. Becaufe- 
the incident and reflected rays go contrary ways. 



Chap. VI. 

To DETERMINE THE PlACE, MAGNITUDE AND SITUA- 
TION OF Images formed by reflected Rays. 

Proposition I. 

78. T MAGES formed by rejieglions from a plane furface are fimilar and 
X equal to the objeSls ; and their parts have the fame fituafion witB 
refpeSl to the backfide of the plane as the parts of the objeSi have with re^ 
fpeSl to its fore fide. 

Fig. 70, 71. From any number of points P, ^, R of an objefl in any fitua* 
tion, draw the perpendiculars PA^ ^C, RB to the plane ACB^ and 
produce them through it to the points p^ y, r, each as far behind 
the plane as P, ^ ^ are before it. The points p^ q, r being the 

• Art. 66. refpeftive focufes of the rays that belonged to P, ^, i?*, and being 
evidently in the fame order, together with infinite others, will con- 
ftitute an image of the objeft, equal to it in the whole and in every 
torrefponding part, and alike fituated: as will appear by conceiving 
the furface of the objc6t, and of its image, divided into correfpond- 
ing lines, fuch as P^jR, pqr^ by planes fuch as PprR perpendicular 
to the reflefting plane; and by folding up or doubling each plane 
in its line of interfeftion, AB^ with the reficfting plane. For the 
parts of each plane on each fide of AB will exactly cover each other, 
as appears by the conftru6lion. ^ £. D. 

Proposition II. 

Fig.7j.t075, 79- V ^^ ^^^^ 9f ^ ^^^'(^J^ PQR> concentrick to a concave or convex 
fpherical furface AB, be confidered as an ohjeSiy its image p q r will alfo 

be a fimilar concentrick arch, whofe length will be to the length of tht* ob^ 
jcSl, in the ratio of their diftances from the common center E ; and its Ji-- 

t nation will be ereSl or inverted, according as it is on the fame or the 

cppofite fide of the center to the objeSl. 

For 
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For as the focus ^vvas found by making T^, TB, Tq continual 
proportionals in the line ^£i drawn through the center*; fothe*; 
focus ;*, of rays that belong lo any other point P, is found by draw- 
ing PE^, and bifeaini; Ev^ in 5, and by making SP, SE, S/> con- 
tinual proportionals. The two firft terms of one proportion are fe- 
veraliy equal to the two firfl: of the other; and confequently the third 
terms Tq, Sp are equal; and thence Ep and Eq are equal. The 
fame being true of every point of the cnxular objeft P^R, fhews 
that its image ^yr is a concentrick arch, fimilar to it, both being 
terminated by the fame lines EPp, ERr; and confequently their 
lengths are in the fame ratio as their femidiameters £^, Eq, Laftly, 
according as the correfponding extremities P and p, of the object 
and image, are on the fame or oppofite fides of the center E, they 
are alfo on the fame or oppofite fides of their middle points ^ q ; 
that is, the image is accordingly ereft or inverted. ^E. D. 

8o. Corol. The fmaller the circular objeft is with refpefl to its 
radius or diftance fiom the center, the nearer it approaches in fhape 
toaftraight line, and fo does its fitnilar image. Confequently a 
fmall ftraight object, placed at a good diftance from tlie center of 
the glafs, may be reckoned to have a ftraight image very nearly: 
though in ftridnefs of geometi7 it is an arch of a conick feftion. 

8t. The images of all forts of objects may be determined, by 
finding the images of their out-lines, by the foregoing propofitions. 
For inftance, if the plane of the figures PER, pEr be turned round 
their common diameter ^E?, the circular furface generated hy pqr 
will be the image of the circular objedl generated by P^R: and if- 
the fame figures PER, pEr be moved a little about an axis EF, 
fituated in their own plane, and perpendicular to the diameter ^Ey, 
the curvilinear figure generated by this motion of pqr, will be the 
image of a fimilar figure generated by P^R. Becaufe the reflecting 
arch ylCB generates the reflefting fpherical furface at the fame time. 

82. But if the whole figure PERrp be moved parallel fo itfclf 
in a direftion EF, now perpendicular to its own plane, fo that the 
arch j4CB may generate a portion of a cylindrical furface, the figure 
defcribed by this motion of pqr, will ftill be the image of that de- 
fcribed by P^R; but will not be fimilar to it, except when they arc 
placed at equal diftances on each fide the center E, and confequently 
are equal to each other: and their difiimilitude will be fo much the 
greater as the difproportion between Eq and £^, or between their 
lengths /r, PR, is greater; their breadths, defcnbed by the motion 
aforefaid, being always equal to each other. 

Chap- 
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Chap. VIL 

To FIND THE Focus OP RaYS FALLING ALMOST PER- 
pendicularly upon any refracting. surface. 
Sphere or Lens. 

Definition. 

^ig'76,77' 83.'T^HE fine of an angle ABC, or of an arch jiCthat mca- 

X fyJiKS that angle, is a line AD drawn from the extremity 
of one of the femidiameters, AB^ BC, perpendicular to the other, 
produced if the angle be obtufe. And therefore an angle ABC 
and its complement A BE, to two right angles, have each the fame 
fine AD 5 and when the fines of feveral angles are compared toge- 
ther, they are always underftood to belong to the fame or to equal 
circles. 

81J:. The fines of very fmall angles, and of their complements, be- 
come at laft infenfibly different from the arches that meafure them; 
and confequently are proportionable to the angles themfelves. 

Le m m a. 

Fig. 7$. 85. The fines of the angles of any triangle are proportionable to tie c^ 

pofite Jides : as in the triangle ABC, thejine of the angle ABC is to the 
fine of the angle BCA, as CA to AB. 

For the perpendiculars CD, BE upon thofe fides AB^ repro- 
duced, are the fines of the angles ABC^ BCA 01 BCE with rcipeft 
» Art. «3. to circles whofe radius is J5 C*. And fince the triangles CAD^ BAE 
* E0C.L32. are equiangular ^ we have CD to BE ^ CA toAB. ^. E. D. 
^'''- ^- 86. Corol Small angles, as BAC, BCE, fubtended by the fame 

perpendicular BE, are reciprocally as their legs BA, BC or EA, 
c Art 84 ^^* ^^^ *^^ angle BAC is to BCE, when very fmall, as the fine 
-Anls^V of -B^Ctothe fmeof jBC£%oras£CtojBr^orasJSCto£Jf% 

« Art. 68. 

Proposition I. 

Fig.79-to8*- 87. Let ACB be a refraining plane, and CXjhe focus of the incidefd 
rays, and QjC a perpendicular to that plane \ and ifc^C be taken in this 
perpendicular, on the fame fide of the plane as QC, and in proportion to 
QC, as the fine of incidence to the fine of refraSlion^ the point qfballbe 
the focus of the refraSled rays. 

For 
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40 Concerning the Refractions Cei?] 

Proposition II. 

Fig.85.t088, 92. Z^ct ACB reprcfent a refradling fpberical Jurface vkfta^ 

E, rz;;^ let the incidtiit rays as DA come parallel to any femiiiaaAn^ 

in wbiih produced forivard or backivard^ according as the denfer m 

is conzrx or concave y take CT to ClBs as the Jine of incidence t9 Ai 

fcrence of the fines ^ and T ivill be the focus of the r^raSed r/rji. 

For let the refrafted ray y^T' (produced) cut the femidiamttcl 
produced, in any point T whatever ; and fince the (emidiatnetcrfi 
perpendicular to the refracting furface at yf, the angle of indi 
will be equal to the angle AEC^ and the angle of refra£lion,v 
complement to two right ones, will be EATi confequently tki 
of incidence is to the fine of refraftion, (as the fine of the 

• Art. 85, AEC, to the fine of EA T, or a? AT to TE •, that is, when A 

nearell to C, and fo the incident rays are almoft perpendicuUrtD 
^ Art. 68. furface,) as CT to TE^\ and disjointlv ^the fine of incidenceai 

• Euc. V. 17. ^^^ difference of the fines as CT to CE. ^. E^D. 

93, CoroL I. CT is to TE as the fine of incidence to ihcfintJ 
ref ration. 

94. Corol. 2. If this point T be the focus of incident raySjAsJ 
^ Art- 11. fradled rays will go parallel to TE ^. 

Proposition III. 

Fig. 89, 90. 95. When parallel rays fall upon a fphere^ either denfer orranri 

the ambient medium^ in the diameter C D produced ^ u^bicb is farsSt 

the incident rays^ as QJV, let T be their Jocus after their frjl nfrd 

at AC', and the point F which biJeSlsTDJhaU 6e their focus after i 

fecond refraSlion at DG. 

For let tlie incident and emergent rays, ^A^ FG produccd,ii 
in Hj and fince the refradlions at A and G are equal, as appar 
fuppofing a ray to go both ways along the chord AG^ the trin 

• Euc. 1. 6. AHG is equiangular at its bafe AG, and therefore equicmr 

and fo is the fimilar triangle GFT^ the lines AH^ FT being 
rallel. Therefore when A approaches toward C till G iscoindi 
with jD and the triangle G F T is vaniftiing, the leg G F will bee 
equal to half the bale G T3 that is, D F will become equal to 

r Art. 68. DT^ ^.E.D. 

LE M M A. 

Fjg.9Kto 94. 96. There is a certain point E ivithin every double convex or SdM 
cave lens, through 'which every ray tl:at pajjes, 'will have its inciJttt 

t^er. 
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e lines Slji and Aq^ produced as in the figures, repre- 

dent and a refraftod ray, cutting ^C in any point q 

nd fince a perpendicular to the plane at A is parallel to 

§le A^C will be equal to the angle of , incidence, and 

angle of refraflion. Therefore fmce equal angles have 

the fine of incidence is to the fine of refraftion (as the 

ingle ^^Cto the fine of A qCj or as Aq to A^j that* Art. 85. 

ray ^yf is almoft perpendicular to the plane AB) as 

. ^ £. D. »^ Art 68. 

1. If the furface ACB is glafs, q^is half of ^C, and a 
C. For y C is to ^C as 3 to 2 ^^ j and therefore q ^is to ' Art. 13, 

2^ 'In like manner, li ACB is water, ^'^^is a third oit^^^Y* 
fourth of yC. ^ . . ""'''''• 

2. Hence the refraflions of a pencil of rays through a Fig. 83. 
may be determined. Let ^ be the focus of incident 

its firft fide ABy and ^C perpendicular to AB. To ^C 
qua! to half ^C-, and 7* will be the focus of the rays ^A^ 

after refraftion at the furface A B^ 5 and being alfo the « Art. 88. 
\iicident rays at a and 6 upon the fecond furface a 6y from 

n perpendicular to aij take away Tq equal to a third 
c^i and q will be the focus of the emergent rays qa^ qb 

. 3. Hence the focufes of incident and emergent rays at a 

always very nearly at equal diftances from it; provided the 

s and the refrafting angle be but fmall. For then the 

culars TC, ^c are. nearly equal; and in glafs ^C and qc 

"^thirds of them refpeftively. 

r. 4. By proceeding in the fame manner as in the 2d Co- ^'8* 83* 84^ 
found that, when the planes AB^ ab are parallel, and 7*0, 
ide, ^ ^ is one third of C r, the thicknefs of the glafs *. 

e diftance Cr, between the parallel planes, and the ratio between the fines 
\ and refradtion at the firft fiirface, / and R^ being given, the diftance §(j^ may 
ore readily in all cafes by means of the following propofition. 



ncxl of converging or diverging rayi pajfes through two parallel planes y the diflancf 
planes is to the dijlance between the foci of incident and emergent raySy as the fine 
^n the prji fiirface is to the difference between the fines of incidence and refraSfion. 

^abyht the refrafting planes ; ^the focus of incident rays ; ^Cc a perpen- Fig. 84* 
he planes ; Tthe point in this perjpendicular where the direAions of the re- 

B Jay Bby meet it; q the focus of emergent rays. And ^ being parallel 
of the triangle Tqa^y 

T^: ^q 



and inver. 



nver. 



: TA 
TC : f^:: Cc 
TC : ^C :: / 
TC : 7^:: / 
Ce : ^q :: I 





» Art. 51. 
" EucVI. 2. 


Ja^, that is, a«7'C : Cc> 
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« Art. 87. 
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Prop OS it ton II. 

Fig.85.t088. 92. Let ACB reprefent a refradling fpherical furface whofe center is 

E, and let the incident rays as DA comeparallel to any femi diameter CE, 

in which produced forward or backward^ according as the denfer medium 

is convex or concave^ take CT to CE as the fine of incidence to the dif- 

ference of the fines ^ and T -will be the focus of the refraSled rays. 

For let the refrafted ray y^T (produced) cut the femidiameter CE 
produced, in any point T' whatever ; and fmce the femidiameter EA is 
perpendicular to the refraftingfurface at A^ the angle of incidence 
will be equal to the angle :/dr£C, and the angle of rcfra6lion, or its 
complement to two right ones, will be EAT; confequently the fine 
of incidence is to the fine of refraflion, (as the fine of the angle 

• Art. 85. AEC, to the fine of EAT, or as AT to TE \ that is, when A comes 

neareft to C, and fo the incident rays are almoft perpendicular to the 
^ Art. 68. furface,) as CT to TE^; and disjointly ^the fine of incidence is to 

• Euc. V. 17. jj^^ difference of the fines as CT to C£. ^. E.D. 

93 • CoroLi. CT is to TE as the fine of incidence to the fine of 
ref ration. 

94. Corol. 2. If this point T be the focus of incident rays, the re- 
^ Art- u. fradlcd rays will go parallel to TE^. 

Proposition III. 

Fig. 89, 90. 95. When parallel rays fall upon a fpbere, either denfer or rarer than 

the ambient medium^ in the diameter C D produced, 'which is parallel to 

the incident rays, as QA, let T be their Jocus /if ter their firji refraSiion 

at AC 5 and the point F which bifeSls T D Jhall be their focus after their 

fecond refraSiion atDG. 

For let the. incident and emergent rays, ^A, FG produced, meet 
in H, and fince the refractions at A and G are equal, as appears by 
fuppofing a ray to go both ways along the chord AG, the triangle 

•EUC.L6. AHG is equiangular at its bafe AG, and therefore equicruraP; 
and fo is the fimilar triangle GFT, the lines AH, FT being pa- 
rallel. Therefore when A approaches toward C till G is coinciding 
with D and the triangle GF T is vaniftiing, the leg G F will become 
equal to half the bale G ^3 that is, D F will become equal to half 

^ Art. 68. JDT^ ^.E.D. 

X E M M A* 

Fig.9i*to94. 96. There is a certain point E within every double convex or double con- 

cave lens, through which every ray that pajjes, will have its incident and 

emergent 
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emergent parts Q_A, a q parallel to each other : but itj a plano-convex or 
plano-concave lens that point E /; removed to the vertex of the concave or 
convex furf ace; and in a menifcus and in that other concav9-convex lens^ 
it is removed a little way out of them, and lyes next to the furface 'which 
has the greateft curvtly. 

For IttREr be the axis of the lens joining the centers R, r of its 
furfaces yf, a. Draw any two of their fern id i a meters RA, ra parallel 
to each other, and join the points A, a, and t]ie line Aa will cut the 
axis in the point E above del'cribed. For the triangles REA, rEa- 
being equiangular, RE will be to Er in the given ratio of the femi- 
diameters RA, ra-, and confequently the point E is invariable in 
the fame lens. Now fuppofing a ray to pafs both ways along the 
WneAa, it being equally inclined to tlie perpendiculars to the fur- 
faces, will be equally bent and contrary ways in going out of the 
lens; fo that its emergent parts A^, aq will be parallel. Now any 
of thefe lenfes will become plano-convex or plano-concave, by con- 
ceiving one of the femidiameters RA, ra to become infinite, and 
confequently to become parallel to the axis of the lens, and then the 
other fcmidiameter will coincide with the axis; and fo the points 
A, Eor a,E will coincide. ^ E. D. 

gy. Carol. Hence when a pencil of rays falls almoft perpendicu- 
larly upon any lens, whofe thicknefs is inconfiderable, the courfe of 
the ray which paffes through E, above defcrihcd, may be taken for 
a ftraight line pafling through the center of the lens, without fenfi- 
ble error in fenfible things. For it is manifeft from the length of 
Aa and from the quantity of the refra£lJons at its extremities, that 
the perpendicular diftance of A^, aq when produced, will bedimi- 
niflied both as the thicknefs of the lens and the obliquity of the ray 
is diminifhed. 

Definition. The point E is called the center of the lens. 



Proposition IV, 

98. To find the focus of parallel rays jailing almofl perpendicularly up- Fig. 95. 1 
on any given lens. '°°- 

Let jE be the center of the lens, R and r the centers of its furfaces, 
Rr its axis, gEG a line parallel to the incident rays upon the fur- 
face B, whole center is R. Parallel to gE draw a femidiameter B/?, 
in which produced let V be the focus of the rays after their firft re- 
fi'a6tion at the furface B, and joining Vr let it cut gE produced in 
G, and G will be the focus of the rays that emerge from the lens. 

For fince V is alio the focus of the rays incident upon the fecond 
F furface 



42 Concerning the Refractions Chap./. 

furface A, the emergent rays muft have their focus in fome point of 
that ray which pafles ftraight through this furface; that is in the 
line Fr, drawn through its center r : and fince the whole courfe of 
• Art, 97. another ray is reckoned a ftraight line gEG*, its interfe^tion G with- , 
Vr dctci'mines the focus of them all. ^E. D. 

99. Carol. I. When the incident rays are parallel to the axis rR, 
the focal diftance £F is equal to EG. For let the incident r.iys that 
were parallel to^£ be gradually more inclined to the axis till they 
become parallel to it; and their firll; and fecund focufes ^■'and G 
will defcribe circular arches FT and OF wliofe centers are R and £. 
For the line RF'is invariable; being in proportion to RB m a given 
ratio of the lefler of the fines of incidence and refrai5lion to their 
difference ** J confequently the line £G is alfo invariable, being in 
proportion to the given line RF'm the given ratio of r £ to r J?, be- 
caufe the triangles EGr, RVr are equiangular. 

100. Corol. 1. The laft proportion gives the following rule for 
finding the foral diftance of any thin lens. As R r, the interval be- 
tween the centers of the furfaces, is to r£, the femidiameter of the 
fecond furface, fo nRF ox RT, the continuation of the firft femi- 
diameter to the firft focus, x.o EG ot EF, the focal diftance of the 
lens. Which according as the lens is thicker or thinner in the mid- 
dle than at its edges, muft lye on the fame fide as the emergent rays 
or the oppofite fide. 

iQi. Corol. 3. Hence when rays fall parallel on both fides of any 
lens, the focal diftances £F, £/are equal. For let r/ be the con- 
tinuation of the femidiameter £r to the firft focus / of rays falling 
parallel upon the furface A\ and the fame rule that gave rR to rE 
as RT to EF, gives alfo rR to i?£ as rt to Ef. Whence £/ and 
EFavc equal, bccaufe the reflangles under r£, R T and alfo under 
RE, r/ are equal. For r£ is to r/ and alfo RE to RT in the lame 
•Art. 92. given ratios 

102. Cord. 4. Hence in particular in a double-convex or double- 
concave lens made of glafs, it is as the fum of their femidiameters 
{or in a menifcus as their difference) to either of them, fo is double 
the other, to the focal diftance of the glafs. For the continuations 
RTt rt are feverally double their femidiameters : becaufe in glafs 
'Ari.p3.13. £7* is to TR and aIfo£/ to /r as 3 to 2 ". 

J 03. Coro/. 5. Hence if the femidiameters of the furfaces of the 
glafs be equal, its focal diftance is equal to one of them; and is 
equiil to the focal diftance of a plano-convex or pIano-concr.>e glafs 
whofc femidiameter is as fhort again. For conlidering Hie plane 
furface as having an infinite femidiameter, the firft ratio of the laft 
mentioned proportion may be leckoned a ratio of equaUty. 

Pro- 
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P R O P.O S I T I N V. 

1 04. The focus of incident rays upon a fmgk furface^ jphere or km 
being given^ it is required to find fhejocus of the emergent rays. 

Let any point 4^ be the focus of incident rays upon a fpherical 
furface, lens, or fphere, whofe center is E; and let other rays come 
parallel to the line S^Eq the contrary way to the given rays, and 
after refraftion let them belong to a focus F; then taking E/ equal 
to EF in the lens or fphere, but equal to CF in the fingle fiirface, 
fay as ^Fto FE io Ef to fq, and placingy^ the contrary way from 
/to that of F^froni F, the point q will be the focus of the refrad- 
ed rays, without fenfible error; provided the point ^ be not fo re- 
mote from the axis, nor the furfaces fo broad as to caufe any of the 
rays to fall too obliquely upon them. 

For with the center E and femidiameters EF and Ef defcribc 
two arches FG, fg cutting any ray ^Aaq in G and g, and draw EG 
and Eg. Then fuppofing G to be a focus of incident rays, (as GA^) 
the emergent rays (as ag q) will be parallel to GE ' ; and on the other • 
hand fuppofing g another focus of incident rays (as ga,) the emer- 
gent rays (as AG^,) will be parallel to gE. Therefore the triangles 
^E^ Egq are equiangular, and confequently ^G is to GE as Eg 
to gq; that is, when the ray ^Aaq is the neareft to ^E?. ^Fis to 
FE as Ef to fq^. Now when ^accedes to F and coincides with" 
it, the emergent rays become parallel, that is q recedes to an infinite 
diftance j and confequently when ^ pafTes to the other fide of F, the 
focus q will alfo pafs through an infinite fpace from one f(de of/ to 
the other fide of it. ^. E. D. 

105. Corol. I. In refraftions at a fpherical furface^C, the focus 
J may alfo be found by this rule, as ^F to FC fo Cftofq; becaufe 
FC and F/and alfo FE and Cfni'^ equal'. 

106. Cord. 2. It may alfo be found by this rule, as ^F to ^E fo 
^C to ^; placing ^q fo that all the four diftances from ^may lye 
on on,e fide fide of it, or elfe two on each. For the triangles ^G£, 
^Aq being equiangular we have ^G to ^E as ^A to ^q. 

107. Corol. 3. In a fphere or lens the focus 7 may be found by 
this rule, as ^F to ^E fo ^E to ^q, to be placed the fame way 
from ^as ^F lyes from ^ For let the incident and emergent ray 
^A, q a he produced till they meet in e; and the triangles ^GE, 
^eq being equiangular, we have ^G to o^E as ^e to ^q; and 
when the angles ot thefe triangles are vanilhing, the point e will 
coincide with E; becaufe in the fphere the triangle Aea is equian- 
gular at the bafe A a, and confequently Ac and ae will at laft be- 
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: fphere. In a lens the thicknefs A a 



► Art. 104, 
« Art. 107. 



* Art. 15. 



come femidiameteis of the fphere. In a I 
inconfiderable. 

108. Carol. 4. In all cafes tlie diftancey^ varies reciprocally as 
F,^^does; and they lye contrary ways from / and F; becaufe the 
reftangle or the fquare under EF and £_/", the middle terms in the 
foregoing proportions, is invariable. Hence if eitlier of the cor- 
refponding focufcs ^, y be put in motion along the axis of the 
pencil, the other focus will move the fame way ; and therefore if 
thefc focufes be on contrary fides of the glafs, while one moves to- 
wards it the other will move from it; but if they be both on the fame 
fide of the glafs, they will botli move from it or both towards it; 
and will come nearer to each oiher as they come neaicr to the glafs, 
till when one coincides with its furface the other will do (o too, in 

Art. loj. the fingle furface accurately ', and in tlie lens very nearly, provided 
the glafs be very thin, and the diftance of the ray from its axis be 
very fmall''. But thefe focufes cannot coincide at the furface of a 
globe; for S^F and ^£ being finite, Siq cannot vanilh'. They 
will coincide at the center of the fingle furface, becaufe the rays fall 
perpendiculaily, and therefore pafs through without I'uiFering any 
refraction ''. 

109. Carol. 5. Convex lenfes of different fhapes that have equal 
focal diftances, when put into each others places, have equal powers 
upon any pencil of rays to refradt them to the fame focus. Becaufe 
the rules abovcmentioned depend only upon the focal diftance of 
the lens, and not upon the proportion of tlie femidiameters of its 
furfaces. 

1 10. CoroL 6. The rule that was given for a fphere of an uniform 
denfity, will ferve alfo for finding the focus of a pencil of rays re- 
fradled through any number of concentrick furfaces, which intercede 
uniform mediums of any different denfities. For when rays come 
parallel to any line drawn through the common center of thefe me- 
diums, and are refrafted through them all, the diflance of their fo- 
cus from that center is invariable, as in an uniform fphere. 

111. Corol. 7. When the focufes ^, q lye on the fame fide of the 
refradling furfaces, if the incident rays flow from ^, the refradted 
rays will alfo flow from y; and if the incident rays flow towards ^ 
the refracted will alfo flow towards y: and the contrary will happen 
when ^and y are on contrary fides of the refracting furfaces. Be- 
caule the rays are continually going forwards. 

Tlie 75tli and 76th articles are applicable to refrailions as well 
as reflections. 
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" After Des Cartes had difcovered the true law of refraftion *, it' Art. 13 
' prefently fuggefted to him the impoffibiiity of colletling all the 
' rays of the fame pencil into a (ingle point by means of fpherical 
' furfaces only. And not being aware that the aberiation of rays 
' from the geometrical foci of the optical glafies then in ufe was 

• owing to any other caufe than the Jpbericalnefs of their figures, he 
' immediately applied himfelf to inveftigate what curves could 

• make all the rays belonging to the fame pencil converge after re- 
' fraction to a fingle point. The feeming importance of this pro- 
' blem induced other mathematicians after him to profecute the 
' folution of it: and among other furfaces, it was found that thofe, 
' which are generated by the revolution of conic fin ions round their 
' axes, would produce the effect. The limits of an abftradt will 
' not permit us to relate all their difcoveries upon this fubjeft; in 
' the following problems and their corollaries are contained, the 
' principal difcoveries of Des Cartes and his denionftrations of the 
•■more difficult cafes. * 

"Problem I. 

" To collet every ray belonging to a pencil of parallel rays into one 
■* point, when they are incident upon the ref railing Jurface of a denfir 
" oudium. 

'* Take DK to HI as the fme of incidence to the fine of refrac- F"g- if?.- 
tion ; with the axis major DK and foci H, I, defcribe an ellipfe 
•* DBK; defcribe alfo a ipheroid by the revolution of this eilipfe 
•* round its tranfverfe axis : and all the rays, which are incident 
upon the convex furface DBb, parallel to DK, will converge to 
** the farther focus /. 

•'Problem II. 
" To colleB every ray belonging to a pencil of parallel rays into one 
^' point, when they are incident upon the rejrailing furface of a rarer 
medium. 

" Take DK to HJas the fine of incidence to the fine of refrac- Fig. 108, 
tion i with the tranfverfe axis DK and foci H, I, defcribe an hyper- 
bola ; defcribe alfo an hyperboloid by the revolution of this hy- 
perbola round its tranfverfe axis : and all the rays, which are inci- 
dent upon the concave furface BDT, parallel to DK, will con- 
J* verire to the farther focus /. 
• ^ " D£- 

• Des Cattes's Diopir. Ch. 8. 
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" Demonstration. Let ^By MD be two parallel rays, of 
which MD is perpendicular to the furface : join HB^ IB; through 
B draw two ftraight lines CBE^ LBGy which are at right angles 
to each other, and one of which CjBJB is a tangent to the curve 
at the point of incidence B: through Hdraw HO parallel to LG, 
meeting IB in the hyperbola, or IB produced in the ellipfe, in Oj 
and the tangent in C. And the angles OBCy CBH being 
equal *, and HO cutting BC zx right angles, the triangles OBC^ 
CBH arc equal; and therefore 0/ is equal to the fum or differ- 
ence oi HB and BI; that is, 01 equals DK^. Now LG 
being perpendicular to the furface, the angle ABN \s either the 
angle of incidence or its complement to two right angles; and 
therefore the fine of the angle BNI^ which is alternate to ABN, 
is equal to the fine of incidence ^ And the fine of BNI is 
tothefincof NBIas BIto Nl^i that is, asOf toJf/% or as 
D K to HI; that is, as the fine of incidence to the fine of 
rcfraflion^ Wherefore the fine of NBI muft be equal to 
the fine of refra6lion, and BI Is the courfe of the refradted ray. 
^ E. D. 

*' Ccrol. I. If, therefore, with the center I and any jradius 75, lefs 
than IDy a circular arch B^ht defcribed, and the figure B i^D 
revolve round its axis -D^, it will determine the fhape of a piece 
of glafs, which, placed in air, will colledl into one point /all the 
rays that fall upon its convex furface parallel to DI. For the firft 
furface BDBoi this folid refrafts them all to /; and the radii of 
a circle being perpendicular to its circumference, the courfe of 
thefe rays will not be changed by the fecond furface B ^B. 
Likewife, if from any point B in the hyperbola the right line B^ 
be drawn perpendicular to the axis, the figure JBD^by revolving 
round D^ will generate a folid piece of glafs, which, placed in 
air, will have the fame efFeft upon all rays that are incident upon 
its plane furface parallel to the tranfverfe axis. 



Fig. III. 



** CoroL 2. Each of the glaffes defcribed in the preceding corollary 
** will make all the rays, which are incident diverging from the fame 
" point, move parallel after refraflion* For, if / be made the focus 
" of incident rays, the refrafted rays will be parallel to ID by ar- 
" ticle. II. 

" CoroL 3. Let an ellipfe be conftrufted as before; and draw the 
" circular arch R with the center / and any radius J?/ greater than 

^'DI; 
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** DI; affume alfo any point B in the elUpfe, which is not farther 
*^ from D than from iT, draw the right line OB tending to /; and 
'" the glafs, which is generated by the revolution of the figure 
" BDRO about its axis DJR, will make all rays, that are incident 
** upon the concave fide parallel to its axis, diverge from the point 
•* / after refradlion. For the mediums continuing the fame, it is 
** evident that the ray PB is as much bent out of its courfe by the 
** concave fide of the refrafter DB, as the ray ^B is by the convex 
" fide of the fame refra6ler*. Since therefore AB and PB are in* Art. 11.17. 
" the fame ftraight line, and AB moves in the line Bl after refrac- 
" tion, jBO, which is in the fame diredlion with jB/, muft be the 
** courfe of the ray PB after refradliooi 

** Parallel rays may alfo be refracted diverging accurately from 
^* the fame point by means of a glafs conftrufted in the following 
** manner. Defcribe an hyperbola BDB fimilar to that which is Fig. 112. 
•^ defcribed in the fecond problem ; afliime any point O, from which 
** two ftraight lines can be drawn in fuch a manner that one of them 
*• OB fliall be parallel to the axis and cut the curve in fome point By 
*^ and that the other OR fhall be perpendicular to the axis and not 
•* cut the curve; Let the figure OBDR be turned round, its axis,. 
•* and it will generate the folid required. 

** Corol. 4. Each of the glafles conftrufted in the preceding coroK 
** lary will make all rays, that are incident converging to the fame 
"point, move parallel after refraftionj. for the reafon given in 
" corol. 2d. 

** Corol. 5. If two glaflTes be conftrufled, each of which is fimilarFig. 113. 
" to the elHptic refrafter defcribed in the firft corollary,and be placed 
*^ in air, fo that their axes are in the fame ftraight line, and that their 
** convex furfaces are turned towards each other, all the rays, which 
** are incident diverging from the fame point /, will after refravSlion 
** converge to the fame point /. 

" Or two hyperbolic refra6lers, each of which is fimilar to the%- "4- 
" glafs defcribed in the firft corollary, and placed in fuch a manner 
*^* that their axes are parallel, and that their plane furfaces are turned 
** towards each other, will produce the fame efFeG. And fince the Fig- ns, 
" refraftions at the curved furfaces will be the fame, when.the plane 
** furfaces coincide as when they are afunder, a fingle convex glafs, 
" which is formed by turning the hyperbolic arches DB, dh round 
*' their axes, will collect into one point / all the rays which diverge 
•'from/. 

' *^ CoroL 
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Fig.116,117. '* Corol. 6. If it be required to make a pencil of rays, which are 

*' incident diverging from a fingle point /, diverge after refraftioa 
" from a different point /, ufe two elliptic glaffes, the figures and 
" fituations of which are reprefented in fig. 116, or the fingle hy- 
" perbolic refra<5ler, which is reprefented in fig. 117. The fame 
•* glaffes will alfo make converging rays converge to a diflferent point 
** after refradtion. 

iFig.i 18,119. ** Corol. J. Laftly, a pencil of converging rays "will be made to 

" diverge accurately from a fingle point after refra£lion, either by 
" means of two elliptic glaffes, which are reprefented in fig. 118, or 
" by the fingle hyperbolic glafs reprefented m fig. 119. 

** This apparent fuperiority*of conical furfaces induced not only 
" the mcchanicks but the mofl: eminent mathematicians to contrive 
** engines for grinding and polifliing thefe furfaces; till Sir Ifaac 

• Art. 28. ** Newton difcovered the different refrangibility of the rays of light *• 

** He then faw that, however accurately rays of the fame colour 
** might be colledted into a fingle point, rays of different colours, 
" though they belong to the fame incident beam, muft move towards 
• ** different focufes after refraftion; and proved that the aberration 
** arifing from the unequal refrangibility of different kinds of light 
•^ was 5449 times greater than the aberration, which is caufed by the 

^ Art 120. ^^fpherical figure of a glafs ^. He obferved befides, that, though a 

'* conical lens could refradl fuch rays as arc parallel to its axis more 
** nearly to a fingle point than a fpherical furface, yet the latter 
" would be preferable to the former in refpeft of rays, which fall 
** with fome degree of obliquity j fince the curvature of a fphere is 
^* uniform in every part, whereas different parts of an ellipfe or hy- 
" perbola have a different curvature. For thefe xeafons and on ac- 
** count of the infuperable difficulty- that attended the conftruftion 
^* of conical furfaces, all further attempts to correal the aberrations 
** in refraftions by means of fuch furfaces have long been difcon- 
^' tinned.'' 
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Chap. VIII. 



To DETERMINE THE PLACE, MAGNITUDE AND SlTUA- 

TipN OF Images formed by refracted Rays. 



Proposition I. 

II2.T MAGES formed by refraSiiom at plane furfaces are fimllar to 
J_ the objeSis, and are always ereSi^ or in a fimilar Jituation to the 
obje^Sy and on the fame fide of the planes *. 

Let P^R be an objeft radiating upon a refrafting plane ^CSjFig.iao.iai. 
to which draw the perpendiculars PA, ^C, RB, &c. and in thefe 
perpendiculars take Ap to AP^ Cq to C% Br xo BR\n the given 
ratio of the fine of incidence to the fine of refra6tion'; and the fo-« Art. 87. 
cufes /•, y, r, &c. will conftitute a fimilar image in a fimilar fituation 
to the objeih the parts /ly, qr being in the fame ratio as P ^, ^R, 
This is felf-evident when the object is parallel to the reflating plane; 
and when it is inclined, produce it till it cuts the plane in D; and 
the produced image will alfo cut it in the fame point D. For fup- 
pofing the perpendicular B rR to move towards D, the lines BR, Br 
being in a given ratio will vanifli both togetlier: and becaufe the 
triangle pDP is cut by parallel lines y^, ri?, it will be cispg to 
P^ {(o gD to ^) foyrto^S and alternately ^y to yr as P^t>Euc.vr.j. 
to ^R. In like manner if the rays that belong to the focufes p, q, r 
be refrai5led again by another plane, either parallel or inclined to 
AB, their fecond focufes will conftitute a fecond image, fimilar 
to the firft image, and confequently fimilar to the objedtj and fo on, 
^. E. D. 

pROPOSITIflN II. 

113. An image p q r, formed by a fiat piece of glafs A B b a /j a/>- 
right, parallel and equal to the objeSl PQ^, and lies on the fame fide of 
the glafs as the ohjeSl ; but nearer to it by a third part of the tbicknefs of 
the glafs. 

Let PA, ^C, RB be drawn perpendiculars to the furface ACB,^''^-^"'^*^' 
and the focufes />, q, r of the feveral pencils that flow from P, i^, /?, 

• This propofition is only true, when the obje<5t is a (Iraighi line or a plane Tupcrficies. 

G lying 
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» Aft. 8?. lying in thefe perpendiculars °, the image muft be upright. But we 
have alfo ihewn, that each of the focufes/, q, r, lyes nearer to ACB, 

»Art.9i. than the points P, ^, R, by a third part of Cc^; therefore the 
image muft be fo much nearer than the object, and parallel to it. 

Proposition III. 
1 14. jIn image formed by a prifm is always upright, and equal to the 
ohjeSft and lies on the fame fide of the prifm, and at the jame diflance 
from it as the objeB itfelfi provided the refraSling angle of the prifm^ 
and the refractions made by it^ be but f mall. 

Fig. u^. Take two rays, PJE, ^£, which coming from the extremities of 

the objeft, pafs through a point £, fo near to the angular point of 
the refracting angle, that the diftances between their points of Inci- 
dence and emergence need not be mentioned. And fince the total 

'Art-sj. bendings of the pays PEN, ^EO ate equal % they will crofs each 
other, fo as that the angle /*£^wiU be equal to the angle NEO 
or to pEq, made by the emergent rays produced backwards: and 
bccaufe the diftanceE/i of the focus />, of the pencil that flowed 

'Art. 90. from P, is equal to EP^, and in like manner the focal dlftance 
£y equal to £^; the imagery will be upright and equal to thi 
objeft, and at an equal dirtance on the fame fide of the prift 
^E.D. 

Proposition IV. 

Fig. ij;. to 1 15. If an arch of a circle PQR defcribed upon the center E, of 

"^' fpherical fur face t fphere or lens, be confidered as an objeSf, its image pq 

will be a fimilar concentrick arch -, njohofe length will be to the length of 
the objeSl in the ratio of their diftances from the common center E ; and 
the image icill be ereSt or inverted, with refpeSt to the objeSl, according 
as they lye on the fame fide of the center or on contrary Jides. 

The propofition is evident by iufpeftion of the 1 25th figure in all 
cafes of refraftions made by concentrick furfaces; becaufe the parts 
of thefe furfaces are alike expofed to the parts of the concentrick 
obieft. And in a lens the focufes of all the pencils of parallel rays 
lye alfo in a concentrick arch GFH; whence Pp and ^7 being third 
proportionals to two pair of equal diftances PG and PE, ^F and 

• Art. 107. ^£% are alfo equal; and fo the image pqr h alfo a concentrick 
arch. Now fince the axes of the pencils are reckoned ftraight lines 

'Art.97. pafling through £^ the angles />£r, P£i? are equal; and thcrcfon 
the ratio of the image to the ubjedl, is the fame as of their diAan< 
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from the center E. And according as their correfpoftding extremi- 
ties P, p are on the fame or on contrary fides of £, they lye on the 
fame or contrary fides of their middle points ^ yj that is, the image 
is accordingly erefl or inverted. ^E.D.. 

116. CoroL The friialler the circular objeft is with refpeft to its 
radius or diftance from the center £, the nearer it approaches in 
fhape to a ftraight line, and fo does its fimilar image. Confequently 
a fmall ftraight objeft placed at a good diftance from the center of 
the glafs may be reckoned to have a ftraight image very nearly *:* Art. 68. 
though in ftriftnefs of geometry it is an arch of a conic fe£tion. And 
by thefe propofitions the images of all obje6ls may be determined, by 
finding tne images of their out^lines. 



C H A P. IX. 

Concerning the Eye and Mannbr op Vision. 

* 

ii7./^ONSIDERING what has been faid in the 92d and 1 15th A fiaitioas 

V^ articles, one might contrive a tolerable eye in this manner, ^^y^l^J^ 
by placing a pellucid hcmifphere ABC to ferve for the fore part, and Fig. 129. 
another concentrick one -Dy£, oppofite to the former, to ferve for 
its bottom or back part ; making the femidiameter, Oy, of the latter 
triple the femidiameter, O B, of the former ; and then by filling the 
whole cavity of both with water. By this means rays of light 
flowing from the points P, ^, JR, &c, of remote objefls, after re* 
fraction at the furface ABCy will be collefted to as many other 
points /, y, r, of the cavity DgE, and paint an image upoh it. 
And becaufe a fpherical furface does not accurately refraA all the 
rays of a large pencil to a finsle point *, but only thofe that go * ^~ ^^^ i^^' 
pretty near its axis; this inrperfection might be remedied by cover- chap. 7. 
ing tne bafe AC^ of the lefler hemifphere, all but a moderate hole 
about the center ; which would anfwer the purpofe much better 
than if the furface itfelf was covered, all but a hole in the middle 
about B. For in this latter cafe the furface ABC would not re- 
ceive rays from the lateral points P^ 7?, fo direftly as thofe from the 
middle of the obJe£l, to all which it is expofed alike when the hole 
is left open at the center O. 

118. Though this conftruf^ion of the eye appears not amifs at And coropar- 
firft fight, yet we (hall fee prefently that the author of nature has tura?cyc! "*' 

* Opufcuia PoAhtima. p. 112. 
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An human 
eye defcTib- 



wifely varied fome things for the better, and added others abfolutely 
neceftary; though in every thing we cannot perceive his defigns. 
In the firft place he would not make ufe of an entire hcmifphere 
ABC, but retaining the middle part, has taken off pretty much 
from the fides, and yet without contra6ling the compafs of objects 
taken in at one view. The reafon of this was to bend inwards the 
edges of the larger hemifphere about D and E, thereby reducing the 
fhape of the eye to a rounder figure, for the convenience of its mo- 
tion every way in the cavity that contains it. He has therefore given 
it fuch a fhape, as is expreffed in this other figure, reprefenting an 
human eye dilTefled through its axis, all the parts being twice as big 
as in the hfe to render them more confpicuous. 

119. Here the tranfparent parts of the coat called the cornea j 
ABC; the remainder ^TT'C being opake, and a portion of a largi 
fphere. Within this outward coat anatomifts diftinguifh two othen 
the innermoft of which is called the retina, being like a fine nd 
compofed of the fibres of the optick nerve l^VT woven togetheij 
and is white about the parts ^, y, r, at the bottom of the eye. Tbi 
cavity of the eye is not filled with one liquor, but with three of diS 
ferent forts. That contained in the outward fpace ABCOEGFDO 
is called the aqueous humor, being perfectly fluid like water; the 
other contained in the inward fpace EpqrDFG is a little thicker 
like the white of an egg, and is called the vitreous humor ; the third 
humor FG is (haped like a lens of unequal convexities, lying be- 
tween the two former, and fixed to the fide coats by filaments or 
threads extended all round it, and is called the cryftalline humor, 
being hard like the white of an egg boiled, but as clear as the other 
tvyo, and differs from them in a greater degree of refraftive power; 
whereby the rays that came from the points P, ^, R, having re- 
ceived a degree of convergence by the refradVion of the cornea ABC, 
are made to converge a little more by other refradions at the fur- 
faces of the cryftalline FG ; fo that uniting in as many other points 
p, q, r, upon the retina, they reprefent the points of the objefl 
P, ^, R, from whence they came. And perhaps the rays are fo di- 
rected by thefe fecondary rcfraftions at the cryftalline, as to fit the 
cavity/yr intended to receive them; which otherwife mufV have 
been a portion of a larger fphere ', according to the fictitious deftgn 
in the former figure. 
Thecryftai- 120. Befides this there was greater need of the lens FG upon an- 
''j"™*]'"j*" other account; namely, to help the eye to conform itfelf for feeing 
&lpa. objefts diilinftly at all diftances, which was wanting in th&fi£titious 

eye. There are two ways of doing it by the help of this lens FG, in 
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order to fee things near at hand; either by moving it nearer to the 
outward cornea, or by increafmg its convexity, or perhaps by doing 
both at once. If it is moved towards the cornea, this may be ef- 
fected by the preflure of the mufcles againft the fides of tlie eye, and 
confequently againft the vitreous humor ; but if the cryftalhne alters 
its figure and becomes rounder for feeing near objects, the filaments 
DF, EG, whofe greater tenfion helps to flatten it, may perhaps be 
flackened by the lateral preffure aforefaidj and poffibly both thefe 
alterations are made at the fame time. The hole or pupil O is not 
placed in the center of the cornea ABCt as in the fictitious eye, 
but fomewhat nearer to its front. The reafon is uncertain, unlefs 
this alfo may contribute to make the images coincide with the cavity 
of the retina, (in all their parts,) which otherwife muft have been 
fliaped according to a larger fphcre '. lafte'r part! 

121. The diameter ^T'of the fphere of the eye is about an inch 

of the Rheinland foot, which is much the fame as the old Roman fions of an 
foot; and the diameter of the outward cornea is about three fifths '»«'"»» eye- 
of an inch ; the breadth of the pupil, O, has no fixt meafuie, being 
greater or fmaller, as any one may try, according as lefs or more light 
Ihines upon the eyej it alfo contracts at the near approach of any 
fmall objeiS, when we endeavour to view it diftimSlly. Its fabrick is 
admirable in this refpeft that while it alters its fize it preferves its 
roundnefs '. So far Mr. Hugens ', to which I add fomething from 
Sir Ifaac Newton 3, 

122. This account of the eye and of the caufe of vifion is farther f^'fra^na' 
confirmed by thefe arguments j that anatomifts when they have caufe of vi 
taken off from the bottom of the eye that outward and thickeft coat ''°"- 
called the dura mater, can fee through the thinner coats the pltlures 
of objeds lively painted thereon. And thefe pi<5lures propagated by 
motion along the fibres of the optick nerves into the bram, are the 
caufe of vifion. For according as thefe pictures are perfedl or im- 
perfeft, the objeft is feen perfeftiy or imperfeflly. If the eye be 
tinged with any colour (as in the difeafe of the jaundice) fo as to 
tinge the pjftures in the bottom of the eye with that colour, then all 
objeifls appear tinged with the fame colour. 

1 23. If the humors of the eye decay by old age fo as by flirinking Confufid pi. 
to make the cornea and coat of the cryftalline humor grow flatter n,"!,"^""^ 
than before, the light will not be refradled enough, and for want of how caufed, 

fufficient refraction will not converge to the bottom of the eye, by'l^nJlx^'^ 



: See this accounted for in Mr. CbiJfildttCi Anatomy, p. 319; 3d Ed. 
< % Dioptiica prop. 31. 3 Oplicks pag, 12. 
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but to fome place beyond its and by confetiuence will paint in the 
bottom of the eye a confufed pifturcj and according to the indi- 
ftinflnefs of the pifture the objeft will appear confufed. This is 
the reafon of the decay of fight in old men, and ihews why their 
F'g- '31- fight is mended by fpcaades. For the convex glalFes fuppiy the de- 
feft of plumpnefs in the eye, and by increafing the refraftions make 
the rays converge fooner, fo as to convene diftinftly at the bottom 
of the eye, if the glafs has a due degree of convexity, 
Confufed pi- 124. And the contrary happens in fhort-fighted men, whofe eyes 
ftor"fighted ^""^ ^°° plump. For the refrafllon being now too great, the rays 
eyes, how convcrgc and convene in thele eyes before they come at the bottom j 
""ndtd^by ^"'^ therefore the picture made in the bottom and the vifion caufed 
thereby will not be diftin6i, unlefs the objeft be brought fo near the 
eye as that the place where the converging rays convene may be re- 
moved to the bottom'; or that the plumpnefs of the eye be taken 
off and the refraction diminifhed by a concave glafs, of a due degree 
of concavity, as is reprefented in fig. 134 ; or laftly that by age the 
eye grows flatter till it comes to a due figure. For ihort-fighted 
men fee remote objects belt in old age, and therefore they are ac- 
counted to have the moft lafting eyes. So far Sir Ifaac Ne-wton. 

125. In order to determine the propereft glalTes for defedlive eyes, 
the limits of confufed and diftina vifion, or the diftances of thofe 
places from the eye, where an obie(5t begins to appear confufed, may 
be found by meafuring the lead diftance from which a long-fighted 
perfon can iee a pretty large print diftinCtly and read it readily: and 
likewife by meafuring the greateft and the Icaft diftances, from which 
a fhort-fighted perfon can fee a fmall ptint diftinftly and read it 
readily: or ftill more exactly by placing the end of a long ruler clofe 
to the eye, or rather a little under it, and by obferving the greateft 
and leaft diftances at which the lines drawn lengthways along the 
ruler, begin to appear confufed. I fhalJ call thofe glaffes the pro- 
pereft for defective eyes, which are the leaft concave or the leaft con- 
vex of any that will anfwer the purpofeof diftinft vifion; for a rea- 
fon to be mentioned hereafter. 
Fig. ijs- 126. Let By be the leaft diftance from which any fmall objcfts 

appear diftindl to the eye of a long-fighted perfon ; and E ^ the leail 
dil^ance from which he wants to fee them diftinftiy. Towards q 
take ^F to S^E as ^£ to ^?, and i^'F will be the focal diftance of 
a convex lens, which being put clofe to his eye, will make him fee an 
object diftinftly at any place between ^.and F, and poffibly beyond, 
F. For the rays that flow from ^ will emerge from the glafs and 
will enter the eye as if they had come directly from y, to Uic naked 
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recede* An. 107. 
from it to infinity through places where the naked eye can fee di- 
flindly ''. And therefore the rcfrafled rays, diverging as from thefe'' An. lol. 
places, will alio produce diftindl vifion of the objeiSl ^ as far as to J 

F-f and ftil! farther if the perfoncan feediftinflly by converging rays. m 

127. Therefore if he wants to fee diftinclly from no lefs a diftance ■ 
than half £ q, that is, only as near again as with his naked eye, a 1 
convex lens whofe focal diftance is Eg will be the propereft; and I 
will make him fee an objeft diftindly at any diftance not lefs than 1 
half Eq. For fuppofing ^q and $£ to be equal, the point F will 1 
fall upon q by the foregoing proportion. ■ 

128. Let EFhe the greateft diftance from which an object at FG!affe» for 
appears diftinft to the eye of a Qiort-fighted perfon } and it will alfo J'°f^„^,f'"' 
be the focal diftance of a concave lens, which being put clofc to his Fig. ijfi. 
eye at £, will be the propereft for feeing remote objefls diftinfily. 
Becaufe the rays of a pencil, which come from any remote objefl, 
and confequently fall parallel upon the lens, will emerge from it to 
the eye, as if they had come directly to the naked eye from an ob)e6t J 
at F, And confequently the picture of the remote objciSt formed M 
upon the retina by rays refrafled through the lens, will be as diftin£t 
as the pifture of an object at F feen by unrefrafled rays. 

129. Let Eq be the leaft diftance from which the fame perfon can Fig. 137. 
fee an objed diftindly with his naked eye; then fay as ^J' to ^£ .1 
fo ^E to ^y, and placing ^q towards F, the point q will be the I 
neareft point, which he will be able to fee diftin(^Iy through the lens I 
abovementioned. For by art. 107, the rays of a pencil which fall m 
upon the lens converging towards :^., will after refratftion converge ■ 
to q; and on the contrary, the rays which flow from q will emerge 1 
from the lens diverging from ^; and fuppofing the point q to recede I 
from the eye, the point ^will alfo recede from it to fuch places where ■ 
the naked eye can fee diftinftly ^ But if the point 7 approaches 1. Art. 108. 
towards the eye, the point ^will alfo approach towards it, to fuch 

places where the naked eye cannot fee diftin£lly, by the fuppofition. 

130. Confequently if ^P, the fpace between the limits of con- 

fufed vifion, be not lefs than ^E, that one glafs whofe focal diftance m 

is EF, will make all objefts appear to him diftinct which are any ■ 

where placed beyond F, the reach of his naked eye. For in this M 

cafe ^g cannot be greater than ^F, as is manifeft by the propor- M 

Ition above. ' 

131. But if he wants a pair of concave fpe6lacles to read or write ^'Z- ' 38- 
with, let the diftance E q he no greater than what is convenient tor 
that purpofe, and let ^P be the limits of confufed vifion as before; j 

and. I 
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and towards y take FG to FE as FE to Py, and a concave lens 
whofe focal diftance is EG will be the propercft for this purpoie. 
For by art. 107, the rays of a pencil which fall on this glafs con- 
verging towards F will converge to y after refradtion, and on the 
contrary; and therefore he will fee an object diftinifHy as far off as 
y; and alfo nearer than F, if ^F be but half of EF. For fuppoftng 
rays to fall on the lens converging towards ^, fay as ^G to ^E Co 
^E to ^H, and the refracted rays will converge to H and confc- 
qucntly Hwill be the neareft point that can be feen diftindtly through 
this glafs. But if ^ bife(5ls EF it is manifeft that ^H is lefs than 
^Fj becaufe ^JJ, ^F, ^ H are now continual proportionals. 

132. Thus any perfon may be fitted with the propereft glafles 
though he lives at a diftance from the {hops where they are fold, by 
fending the workman their focal diftances computed by the foregoing 
rules. But if choice of glafles be at hand, he may be better fitted 
by trial; ohferving only to ufe thofe glafles which are the leaft 
concave or the leaft: convex of any that will fit the eye. Thefe arc 
the glafles which I have computed and called the propereft. For 
fince they cannot be put quite clofe to the eye, the lefs any glafs is 
concave, the lefs it dimtniflies the pictures of ob)e(5ts upon the re- 
tina. It will alfo accuftom the eye to that conformation of its coats 
and humorp, which is proper for feeing objefts as far off as it can; 
and confequently may prevent the eye from growing more and more 
Ihort-fighted. On the other hand, the lefs any glafs is convex, the 
lefs it magnifies the pidlures of objefls upon the retina; and alfo 
obliges the eye to that conformation, which is rerjuifite for feeing 
objects as near as it can. Both which may prevent the eye in forae 
meafure from growing more and more long-fighted. For when the 
picture upon th.^ retina is very large, it need not be quite fo diftindl, 
as when it is fmallei', to convey an idc-a of the fame number of parts 
of an object; and confequently the eye will be more at liberty to 
recede from that conformation, which is proper for the glafs ; and 
to relapfe into that to which it inclines, and which is only proper 
for feeing remote objects. 

133. When the pei-pendicular fubtenfeSC of a fmall angle fi^C 
is divided into any number of equal parts B H, HI, IC, the lines, 
HA, I A, drawn from the points of divifion to A^ will divide the 
angle BAC into the fame number of parts, which will be nearly 
equal among themlelves. For they would be fo exai51:ly if the line 
h C was an arch of a circle, drawn upon the center A; from which 
it differs fo much the lefs as the angle at^^is fmaller ; andfothepro- 
pofition is exafleft in the fmatleft angles. 

1 34. When 
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134. When the diftance^B is double or treble of y/*, the fub- ^J^»^'^^"j'^ 
tenfeBC ».'U1 be double or treble of the fubtenfe^c of the fame au- iL ftmc per- 
gle at A'. Divide BC into its parts BH^ HI, JC, each equal tope'»''='.''^^f 
6c, and the rays HA, I A, will divide the angle BAC into as many canj"^aj^» ' 
equal parts^ Therefore when two angles bAc^ BAH are fubtcnd-diibn«»ffori 
ed by the fame or by equal lines he, BH, the magnitude of the firftpg;*"/"*" . 
angle itAc, will be to the magnitude of the fecond BAH, as the fe-- Art. «<.. j 
cond diftance BA to the firft diftance bA. * ^^^- 'JJ"' 

I J5. In determining the magnitude ofpi£lures upon the retina, only The pupil of 
one ray in each pencil need be confidered; becaui'e when t!ie pi^tnce'^^^^^^n'-.d^ed 
is diftinft, all the rays in anyone pencil are collected to one and the^ apoitn. 
fame point of the retina. Or, which is much the fame, we may 
fuppofe the pupil of the eye contraded to a point: and, for greater 
fimplicity and eafe of the imagination that this point O is a little 
hole at the center of a dark, hollow hemtfpherc DqE, admitting F'S- 125- 
only fuigle rays ftrajght through it without any refrat5tion at all. 
For then the lengths of tbefe piftures pqr will increafe and decreafe 
as the angle ^Or does, of as the angle FOR does; which I am go- 
ing to (hew to be the propeity of the natural eye': and if the femi-' Art. 136. 
diameter Oq, of this hollow hemifphere, be about 4 of an inch, or 
of the axis of an human eye, the pictures of the fame objects will 
always have the fame bignei's in both forts of eyes ", verv nearly. '' ^f'- W'-' 

136. The diameters or lengths of the pi6lures of objects upon the Diamcicri of 
retina are meafured by, or proportionable to, the angles which the P'^^"^'^j^™^^ 
rays that come from the extremities of theobjc^l do make in failing as tlic angle* 
on the eye; provided thofe angles be but fmall. For let two or''"'''"^^ '''' 
more objedls P^ and -ax, either parallel or oblique to each other, Ihetje. 
fubtend the fame angle PO^or sOx at O; and becaufc the parti- Fig. un- 
cles of light flowing from P and nr defcribe the fame line PwO, they 
will be refracted to the fame point p upon the i-etina; and in like 
manner thofe that flow fi'om ^and k will be refrafted to the fame 
point q; and fo the pi6tures/>y of tlie objects F^, -wx, which fub- 
tend the fame angle at O, arc the fame in magnitude; which was 
the firft thing to be proved. 

Now the pictures of objefls painted upon the retina of a dead eye are 
found by experience to be perfectly well fliaped and proportioned in 
their paits"; that is, the proportion of the parts f>q,qr, of the whole An. nt. 
piflure /»?r, is the fame as that of the parts P ^, ^R, of the whole 
objeft P^R, and this latter proportion is very nearly the fame as 
that of the angles PO^, ^Oi^ fubtended bj^ the parts P^, ^R' -,' A:t. isj. 
and fo the propofition is proved when the objefts P^, ^R are both 
at the fame diftance from the eye. And iince it was lliewn juft be- 
H fore. 
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fore, that the objects P^antl vk have the fame piflure/y, it fol- 
lows that the proportion of the piflures of the obje6Vs wic and ^R 
is the fame as that of the angles wOk^ ^Rt fubtended by them at 
the eye. 

Mif "ft^?* '37' ^^^" 2" objeft approaches towards the eye, the diameter 
diiia^cM of of its pifturc upon the retina increafes in the fame proportion as the 
dieobjeii diftance between the eye and the objefl: decreafes; and on the con- 
rom ^'y^'jf^py^ j( decjcafes in the fame proportion as that diftance increafes. 
For the diameter of its picture increafes in the fame proportion as 
» Art. 136. (he angle increafes, which the object fubtends at the eye 'j and this 
angle, when fniall, increafes in the fame proportion as the diftance 
* An. 134. between the eye and objeft decrcafes ''. 

Brigfioefi of 138. The degree of brightnefs of the pifture of an objeft painted 
»iw"edby°he"P°" '^^ retina continues the fame, at all diftances between the eye 
dirtaneeofthcand the objcft; provided none of the rays be ftopt by the way, and 
r.h,r^> from jj^^j jjjg pypji (Jq^j not altcr its aperture. For inftance, when the 
eye approaclies as near again to the objeft, tlie pidure upon the re- 
tina becomes double in length and double in breadth, and confe- 
quently quadruple in furface; for the furface would be double, if its 
length alone or breadth alone was double. The quantity of rays re- 
ceived through the fame aperture of the pupil, at half the diftance 
from the objeft, is alfo quadruple*: and being equally fpread over 
four times the quantity of furface of the retina, they are juft as denfe 
as before when the objedl was at twice the diftance. 
F*iotne&of 139. It follows then that the faint appearance of remote obje^s 
pifluTciofrc-jj owinff to the opacity of the atmofphere, which hinders part of 

mote obi ecti . ■ f^i r ■ 1 » 11 .- • .' . 

fcowcaufed. their light rrom commg to the eye. Accordmgly we nnd that the 
fun, moon, and ftars appear very faint when near the hoijzon, and 
brightei continually as they rife higher; becaufe the tra£t of vapours, 
which lies in the way of the rays, is longeft and ihlckeft near the 
horizon ; and becomes thinner and ihorter as the objetts rife higher^, 
and confequently does lefs obftrudV the paffageof the rays. 
''rif"h^'7* *4*^' '^'^^ fenfibility of the eye, or its power to diicern objc£tsi 
by day-ii^hi without inconvenience, by different quantities of light, is vaftly ex- 
and moon, tenfive. For inftance, the difproportion in the quantities of light, 
Miedr™ *^^*^ "P*^" *'^^ horizon by the fun and moon, at any equal altitudes,. 
1 find is no lefs than 90 thoufand to i , when the moon is full j or no 
Icfs than 180 thoufand to i, when the moon is in the quarters. And 
the proportion between thole partsof the lights of the fun and moon, 
whatever they be, which are reflected to our eyes from the fame 
objeft by day and by night, can hardly be different from the pro- 
portion of the whole lights. Allowing then that the aperture of the- 
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pupil may poflibly be fi or 9 times lefs by day than by night, (that 
IS about 3 times lefs in diameter,) yet the proportion in the quanti- 
ties of day-light and moon-light, received by the eye from the fame 
obje^, to illuminate a picture of the fame bignefs, will be no lels 
than 20 thoufand to i, when the nights have a middle degree of 
moon-light; I fay no kfs, becaufe the numbers here given are de- 
duced from a rule, which is built upon this principle; that the moon 
refleiSs all the light received from the fun ; which cannot be true, 
by reafon of the appearance of very large obfcure places in her body ; 
and in all probability a great part of the incident light is buried and 
loft even in the brighteft places. 

The rule I mentioned is this, day-light is to moon-light as the fur- 
face of an hemifpheie, whofe center is at the eye, to the part of that 
furface which appears to be poffeffed by the enlightened part of the 
moon: fo that the whole heavens covered with moons would only 
make day-light. This will be evident enough from the following 
confiderations, though I invented it another way. Day-light is made 
by innumerable reflections of the fun's rays from all forts of bodies 
till at laft they come to our eyes: for if this were not fo, we could 
Ipe nothing in the world, even in the day timcj but the fun and ftars 
and felf-fliining fubftances *. Accordingly we find that day-light is* An. i. 
much the fame, whether the fun fliines out or not, in the place we 
3^lX in; becaufe his light is reflected to us from a vaft quantity of 
earth, air and clouds extended all round us, perhaps to a hundred 
miles or more. So that the abfence of the fun's rays from a parti- 
cular place fcarce alters day-light. Another thing is that the moon 
by day appears like a cloud in the air of a middle degree of bright- 
nefs J fome appearing duller and feme brighter than the moon it- 
felf. The rays of the fun being therefore intercepted in the night 
from all the vifible clouds, and being refledted to us by the moon 
only, it follows that day-hght is to moon-light, as the apparent fur- 
faces of all the vifible clouds, to the apparent furface of the vifibie 
part of the moon, confidered as the only cloud which remains en- 
lightened. And thefe two lights, whate\'er be the diftances of the 
moon and clouds, are juft the fame as if thofe bodies were all placed 
at any equal diftances from us, and compofed the furface of an he- 
ipifphere''; whofe parts are the true meafures of the parts of the'' Art. ij?. 
light which comes to us. 

141. A vaft difproportion between the lights of the fun and moon And eon- 
appears alfo by experiments made with burning-glalTes; either by p^^^g^Jj'*' 
refraction of the rays through very broad lenfes, or by reflection with bum- 
from very broad concave-glafles or metals: which by collecting the '"S-gi^ficB. 
H 2 rays 
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round image at the focus, do excite a 
more violent heat and burn quicl^er than the hotteft wind-furnaces: 
as appears by their melting and calcining the hardeft metals, and by 
vitrifying bncks and ftones, in much iefs portions of time than a 
minute *. Yet the rays of the moon being collected by the fame 
glalTes, do not excite the leaft fenfible heat; nor do they fenfibiy 
affe6t the niceft thermometer, when caft upon the ball of it •, though 
the brightnefs of the light be very fenfibiy increafed. By meafur- 
ing the breadth of the round image at the focus, and by comparing 
it with the bieadth of the glafs itfdf, it appears that fome of thefe 
burniiig-glafies collect the incident rays iqto a fpace about 2 thou— 
fand times Iefs than they pofleffed at their incidence. But by the 
preceding calculation, the light of the full moon muft be condenfed 
Art. 140. about 90 thoufand times *, to make it as denfe and ^s warm as the 
direiSt rays of the fun. It is no wonder then that the heat of the 
moon's rays is not fenfible in the focus of the glafs, being then even- 
40 or 50 times thinner than- the direft rays or the fun. For it is 
found by experiments made with thefe glafies that the degrees of 
heat are proportionable to the denfities of the rays: which being 
compared with a fcale of the degrees of heat and warmth of feveral 
natural bodies, determined by bir Ifaac Newton, in the pl\ilafophical 
tranfa<5tions 3, it appears there is a vaft difproportion between the 
degrees of light which the eye can bear and be fenfible of, and the 
degrees of its heat which the touch can bear and be fenfible of. 

142. Dr. Ho6k alTures us that the fharpeft eye cannot well diftin- 
guith any diftance in the heavens, fuppofe a fpot of the moon's body, 
or the diftance of two ftars, which mbtends a Iefs angle at; the eye' 
than half a minute; and that hardly one of a hundred can diftin- 
guifii it when it fubtends a minute +. If the angle be not bigger 
than this, the two ftars appear to the naked eye, as if they were but 
one. I have been prcfent at making the expeiiment, when a friend 
of mine, who had the beft eyes of all the company, could fcarcc^ 
perceive a white circle upon a black ground, or a black circle upon 
a white ground, or againft the fky-hght, when it fubtended a Iefs 
angle at the eye than two thirds of a minute; or which is the fatne 
thing, when its diftance from the eye exceeded 5156 times its own 
diameter: which agrees well enough with Dr. Hook's obfervalion. 

1 Pliil, Tranf. abr. by irflw^rA. Vol. i. p. 211. and by ^snw VoI,+. p. 190. 

2 ibid. Loivtfi. p. 21^- and Mem. de I'Acad. Roy. dcsScien, ana. 1705. p. 455. fl*". 

3 N". 270. OT7(i««'sabr.VoI.4. part. i.p. i. It. Mem. del' Acad. an. 1703. p. 233, 

4 AaimadYcrlJoni on Kevclii muhina ccelcAis p. 8, 
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MftiSfvi' ^^^' A ^^ ''"^'^ objeft or point of an objefl-, feen by refrafted 
fibirpoints' 4*. or rcflefled rays, appears fomewhere in the direftion of 
deJioed. that line, which the vifual ray defcribes after its laft refraftioa or 
reflcftion in falling upon the eye. 
rt. tfi. jj^ jj^^ experiments to prove the laws of refle6tion and refrafVion ', 
the pin at B, feen by a ray refledled from the water, appeared fome- 
where in the line AC produced, which the vifual ray BCA defcrib- 
cd after retieclion at C, when it advanced to the eye. And as the 
whole line CE appeared lifted up by the refraftion at the water, as 
if it had been a continuation of the hne AC ftraight on, fo if a 
straight oar be in part immerfed obhquely in water, it appears 
crooked, as if the part immerfed was broken at the furface, and 
lifted higher. For this part of the oar is feen in the direction of 
rays which are bent downwards by refraction at their emergence 
from the water, and confequently advance to the eye as if they came 
from a place in the water which is higher than the real place of the 
oar. In like manner any point P of an obje£l feen by the ray PAO 
twice refracted, either by pafling through the edge of a prifm, or of 
a concave or convex lens, or through the fides of a globe or decan- 
ter, or of a drinking glafs filled with any tranfparent liquor j or 
feen by a ray PAO reflefted from a plane or Ipherical looking- 
glafs, appears to the eye at O, fomewhere in the dire6lion of the laft 
refracted or reflefted ray AO. Laftly, an objeft P viewed by the 
eye at O, through a multiplying glais, appears at one view in as 
many different places, p, p 1,^2, fituated in as many different direc- 
tions OA, OB, OC of the laft refracted rsys produced, as the glaf? has 
different furfaces DE, EF, FG differently inclined to the oppofite fur- 
face DH. For thefe furfaces, like fo many different prifms, give the 
vifual rays PIAO, PKBO, PLCO-, fo many different bendings at 
/and A^ K and B, L and C, and make them fall upon the eye at O 
in as many different directions AO, BO, CO". And in all thefe 
inftances when the reflecting or lefraCting furfaces of the water or 
glaffes are fhaken by the wind, or otherwife, the objeCts (een by re- 
flection or refraction appear to fhake and tremble; becaufe the laft 
directions of the vifual rays are Ihaken and vaiied by thofe motions. 
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Now the reafbn why an objeft or point of an objeft appears al- 
ways in the dire^lion of the laft refracted or reflected ray, is, be- 
caufe the place of its pifture upon the retina is the fame as it would 
be if the object was really removed from its proper place into the 
direftion of that ray, and was feen by dire£l rays. And having no 
fenfation of the previous refie£tions or refractions of the rays at the 
glafles, but only of their adion upon a ceitain place of the retina, 
we form the fame judgement of the place of the objcft as we ufed 
to do in the more common cafes of direft vifion. 

It is manifeft then, that any point/* of an object P.^fecn by re- ^r^^^^*"^' 
fradions or reflections, appears fomewhere in the line /O, drawn Fig. [+j. lo 
from the correfponding pointy of its laft image to the eye at any '53- 
place O. Becaufe all the rays which flowed from P do after the 
laft refraction or reflection flow from or towards the correfponding 
point p of the laft image. The reafon why 1 fay the laft image will 
be mentioned in the 155th article. 

147. It is alfo manifeft why an objeCt feen by refraCted or refleCt-^g^j'^iu^f^a, 
ed rays appears fometimes upright and fometimes inverted. Fordeicrmined. 
when the refraCted or reflected rays AO, CO, have the fame fitua- 

tion with refpeCt to each other, as two rays that come dire<5tly from 
the fame points of the objeCt to the eye, thefe points will appear in 
the fame fituation with refpeCt to each other in both cafes '. But if* Art. i+e, 
the rays that come from thefe points fliall have crofl'ed each other 
before they arrive at the eye, they will then have a contrary fituation 
to that of two rays coming directly from the fame points to the eye-, 
and confequently thefe two points will appear in the glafs in a con- 
trary fituation ^ And one may add that in the former cafe, the ^n. '40. 
picture upon the retina of the eye will have the fame pofition, though 
not the fame magnitude, as if the glafs was removed, and will havc' 
a contrary pofition in the latter cafe. 

148. The apparent magnitude of an objeCt, P^ feen by refraCt- Apparent 
cd or reflected rays either upright or inverted, is a quantity of vilible"]^^"j J,,'' 
cxtenfion, meafured by the angle, AOC, which the two 'rays, AO,td. 

CO, that came from its extremities, P,^ do make, after their laft' ■'^"- '^S- 

refraction or reflection, in falling on the eye. Or in other words, 

the object appears greater or fmaller in proportion as that angle 

^OC is greater or fmaller. Becaufe its extremities appear in the 

directions of the laft refraCted or reflected rays 0^4^ OC -, and alfo* Art. 146. 

becauJ'e-its pJCture upon the retina is greater or fmaller in proportion 

as thefe rays conftjtute a greater or fmaller angle at the eye '. ' *«■ '36- 

149. Therefore the apparent magnitude of an objeCt, P^, JsAoddeier- 
aUb meafured by the angle fOg which its laftimage p q fubtends at '"""^'^■ 

the. 
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the eye. For the lines A O, pO are but one line continued, and fo 

are CO, ^O, and therefore the angles vf C, / O y are the lame when 

the image lies before the eye, and are equal when it lies behind it. 

How it va- i^o. Hence the apparent magnitude of an object incrcafcs and 

""' decreafes in propovtion as the eye approaches to or recedes from its 

» Art. 144. lart image, (juft as if it was a real objefl ',) placed either before or 

behind the eye. For when the image is fixed, the angle^Oy.whcn 

fmall, increafes in the fame proportion as Oy decreafes, and on the 

" Art. 134. contrary ^. 

wheninwri- »5i- Hcncc if the lall image be removed to an infinite difl:ance» 

■bie. that is, if the obiedl be placed in the principal focus of a lens, 

^■ig- 154- «> fphere, or concave lookiiig-glafs', its apparent magnitude to the eye 

'Art.104.70. at any place whatever will be invariably the fame; and equal to its 

apparent magnitude feen by the naked eye, fuppofing it put into the 

place of the center of the fpliere, lens, or reflefting concave. For 

fince all the rays of any one pencil, are parallel to its axis PB, the 

angle C0j4, which nieafures the apparent magnitude at any point 

O, is everywhere equal to the angle ^JSP at the center £. 

rig.is8,is9. xhe apparent magnitude of the objedt will alio be invariable 

where-ever it be placed, when the eye is fixed at the principal focus 

of any glafs which makes parallel rays converge to the eye. For 

conceiving them to flow back again from the eye to the objeft, they 

will fall upon the fame points of tlie object from whence they came 

while it is moved in any place along the axis of the glafs: and no 

other rays but thefe can return from the fame points of the objeft 

to the eye in that place: therefore the feveral parts of the object will 

always be feen under the fame angles, and confcquently will appear 

« Art. 148. of the fame magnitudes'*. 

Compared to 152. Thc apparent magnitude of an obje£l feen by reflefted or 

rnagnUude. ^'^f^'^^ed rays being meafured by the angle whicli its laft image fub- 

* Art. 149. tends at the eye % and its apparent magnitude to the naked eye in 

any place being meafured by the angle which the objedl itfelf fub- 

*Art. 143. tends at the eye in that placed it follows that the former apparent 

magnitude is to the latter, as the former angle to the latter angle. 

For the mealures of things and the things meafured by them are 

proportionable, 

When equal 153. Confcquently the apparent magnitude of an obje^ ieen in a 

" ' ^"^' g'sfs, will be equal to its apparent magnitude to the naked eye in the 

fame place, if the glafs was removed, Firfl:, when the object 

touches any thin lens, or any fingle furface. For the image is then 

sAit. io«. equal to the object and coincides with it^ Secondly, when the eye 

touches any thin lens or any reflecting furface. For then the ray 
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Py^O will pafs from the objeft to the eye through the middleof the 

lens very nearly, and therefore being almoft ftraight' will make 'Art. 60. 

nearly the fame angle with the axis as an unrefrailed ray would do: 

and when the point of incidence, ^, coincides with C at any refleft- 

ing furface, the incident and reflefted rays PA, AO, produced, will 

alfo make equal angles with the axis or perpendicular ^C"; and fo"" An. s. 

the objeft will appear under the fame angle as it would do to the 

naked eye turned about. Thirdly, when the eye is at the center of 

a reflefting concave. For then the incident and refleifted rays PA, 

AO will coincide with the direct ray P£', and confequently will' An. 10, 

make the fame angles with the axis. Fourthly, when the objedt is 

at the center of the reflefting concave. For then the reflected image 

is alfo at the center and is equal to the object ''. Fifthly, when a ray ■' Art 71. 79. 

coming dire^Iy from P to 0, would make an angle with the axis equal ^'g-'+fi-'+S' 

to the angle AOC, which the refrafted or refle61:ed ray PAO makes '^ ' 

with it on the other fide. 

154. Thefe cafes being excepted the apparent magnitude of an Lefs ihan ihe 
objeft feen through a concave lens is always lefs than the true; and a"onca've'^ 
when it is feen upright through a convex lens, or a globe, it is greater and greater 
than the true. For the ray PAO, coming from the extremity of convel^iaf*. 
the objefl to the eye, is bent by the concave lens from its axis, and 
therefore makes a lefs angle with it at the eye than a ray coming 
direiflly from that extremity to the eye. But the fame ray is bent 
by the convex lens towards its axis, and therefore makes a greater 
angle at the eye than the di red ray: and the apparent magnitudes 
are meafured by thefe angles. 

I §^. What has hitherto been demonftrated concerning the appa- The whole 
rent magnitude of an objedl P^, will continue in force if you fup- [-on Ihtough 
pofe the objeft P ^ to be an image formed by another glafs or other any number 
glafles. For the rays diverge from either of them in the fame man- •* g ^ ='- 
ner, and for this reafon I have always called pq the laft image of 
the object. 

156. The place of the eye at O being given, to determine what what pan of 
part of an object is vifible in agiven portion or aperture ^Cof any ^"^V.^ " 
refrafling or reflefting glafs, draw OA to the edge of the aperture giafj.^ '"*"^ 
and prodnce it till it cuts the image in^, and through ihc center of , 
the giafs draw/£ cutting the obje^l in P; and P^ will be the part 
in view in the aperture AC. For the whole pencil of rays 6owing 
from P will belong to p after refraction or reflection', and confe-' An. 61. 
quently fome one of thofe rays will advance to the eye in the line 
AO drawn through p. If the image be at an infinite diftance all the^'^' '^4- '• 
rays that belonged to/ will be parallel to the axis of the pencil; 
1 therefore 
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therefore P^ is now determined by drawing £P parallel to O^. 
Fig. 149. In a plane looking-glafs, pP muft be drawn TVom p parallel to ?^, 
' An. 66. jH. or perpendicular" to the glafs, to cut off the part P^vifible in the 
aperture y^C. For this glafs may be confidered as having a center 
at an infinite diftance from it. 
Hnw it V3. I j7. Hence if the glafs and object be fixed, the part in view in a 
""■ given aperture will decreafe perpetually while the eye recedes from 

the glals; unlefs the image be behind the eye. For then it will de- 
creafe only till the eye arrives at the image, and after the eye has 
palled by the image it will increafe perpetually. The reafon is be- 
caufe the objctt and image, being fixed in their places, do both 
increafe or both decreafe together, being both terminated by two 
lines Pp, ^q that meet or crofs in E the center of the glafs. 
When great- j^g. Therefore the part in view is greateft when the eye is clofe 
« an ea . ^^ ^j^^ glafs, and leaft when clofe to the image j and, in this latter 
cafe, it appears infinitely magnified. For conceiving the diftance 
O 7 infinitely diminifhed, the parts //y, P^cut off by the lines ^O^, 
pEP will both be infinitely diminiflicd; but the magnitude of the 
angle at O, fubtcnded by/ 7 or by .AC, continues finite while the 
angle fubtended by Pi^at O is infinitely diminifhed: and fothcdif- 
proportion between thefe angles, that is, between the apparent and 
*Art. 15?. true magnitudes of the particle P^'' is infinitely great. It appears 
alio infinitely confufed, when the pupil is open, for the reafon given 
in the following articles. 
Thefiiet-fa i^fj. When 3 pcrfon views himfelf in a plane looking-glafs he 
fuflicielt^to^ appears to himfelf to fill the fame part of the glal's wherever he 
(ecftUoncs ftands : and the length and breadth of this part is always half the 
length and breadth of the correfponding part of his own body. For 
when O and i^ coincide, OC is half of Oq or ^yS and therefore 
^Cis half of/.? -^ or p4 

160. Hitherto I have confidered the pupil of the eye as no bigger 
gUir"!!'* ""^ than a point, admitting but a fingle ray from every point of the 
• An. 135. object S by which means the picture upon the retina would be di- 
ftin^^ in all cafes. But when the pupil is open, if the image formed 
by the glafs be nearer to the eye than the leaft diftance at which we 
can fee objeffs diftiniftly with the naked eye, the appearance through 
the glafs will be confufed. Becaufe the rays diverge too much 
from fo near an image to be reduced by the eye to a diftin6l pic- 
ture upon the retina. On the other hand, when the rays converge 
to an image behind the eye, they will be collected to a diftin^ 
piflure before they arrive at the retina, becaufe the eye is not na- 
turally ufed to conform hfelf to converging raysj and fo the vifion 
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how much it 

FJ£. 161. 



objefl from the glafs, is then the focal diftance of the glafs. Now 
if the glafs be a ftnall round globule whofe diameter is ^ of an 
inch, fuch as are eafily made, its focal diftance Eg being three quar- 
• ters of its diameter", is ^V "^f ^^ inch; and if qL be 8 inches, the 
ufual diftance at which we view minute objefts, this globule will 
magnify at the rate of 8 to ^V or of 160 to i. 

1 64. An aftronomical telefcope is compofed of two convex glafles 
in the following manner. P^ reprefents the femidiameter of a 
remote objeil, and pq its pidure formed by the convex lens Z, 
which being next to the objeft is called the objeft-glafs. In the 
axis of this glafs, ^Lq produced, E^ reprefents another glafs more 
convex than L, fo placed, that as yZ. is the focal diftance of the 
glafs L, fo gE is the focal diftance of the glafs £; and EL the fum 
of their focal diftances. In this fituation of the glafles, I fay the 
object will appear to the eye at any point 0, diftinft, inverted and 
magnified at the rate of qL to qE, that is of the focal diftance of 
the objefl glafs to the focal diftance of the eye-glafs. 

For the rays which diverge from the point q of the picture pq, 
being refrafted by the eye-glafs, will emerge upon the eye at O in 
lines parallel to the axis qEO; becaufe qE is fuppofed to be the fo- 
cal diftance of the eye-glafs ; and for the fame reafon, the rays which 
diverge from any collateral pointy, of that pi6lure^7, will emerge 
from the eye-glafs, after refractions at ^, in lines parallel to the 
line or raypE; this line being the axis of an oblique pencil of rays, 
part of which diverge from p upon the glafs. An eye therefore 
which can fee diftin(5tly by pencils of parallel rays being placed any 
where at O *, among the Jnterfeftions of thefe pencils, will fee the 
points of the obje£l: diftinftly. 

Now to the eye at O the apparent magnitude of the pifture pq, 
or objeft P^, is meafured by the angle E OA ^ or by the equal an- 



Tig. t6s. * Proposition. Tbt pimt O, tuhtri tbi axts LB, LA of th extrtmi pencils tre/s tbt 

axis LE, is a littU tejtnd tbt principal facus of the lyt-glafs. 

For we may fuppofe all the axes of the Tcveral pencils lo proceed from the point L as 
from a focus of incidence j and their focus after rcfradion may be found by article 10+, 
But the firft term Z,;, in the rule there laid down, is confiderably greater than the fe- 
cord q E, by conflru^ion : wherefore the fourth term, that is, the diftance of O frotm 
the other principal focus is but fmall, when compared with the focal length of the eye- 
glafs. ^£.-0. 

N. B. The point O, thus determined, is the place from which an eye can fee the moft 
poQible of an obje<5V, through a given telefcope. 

The fituation of common eyes in a double microfcope is determined after (he faoie 
manner. 

Htigens't Diopir. 
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gle qEp; but to the naked eye at I., if the glafs was removed, the 
apparent magnitude of the obje£t is meafured by the angle ^LP, 
or by the equal angle yZ,)>; the oblique axis Pjt/> being ftraight*.' Ait. fii. 
Therefore the former apparent magnitude is to the latter, as the an- 
gle y£/, to the angle yiL^; and confequently as the latter diftance 
yZ,, to the former y£''. **"■ »34- 

165. The objei5l which appeared inverted in the former telefcope % A teiefcope 
will appear upright and diftinft through two more convex eye-glafres™^^J^^°'j°j|^'" 
fubjoined to it; at a diftance from each other, equal to the fum ofconfidered. 
their focal diftancesj and when their focal diftances are equal tof'S- '^3- 
each other, the objeft will be magnifiedjuft as much as it was before. " '*^* 
For the pencils of parallel rays EOF, AOBy ficc, which are conti- 
nued to the glafs FB, will be formed by it into a fecond image wx; 
and the focus w, of any oblique pencil OB, will be determined by 
the interfeflion of the line wx, perpendicular to the common axis 
of the glafles, and of the oblique axis Fts-^ drawn parallel to the in- 
cident rays OB^. This point -ar being the focus of incident rays on* Art. ii(. 
the laft glafs GC, the emergent rays CD will be parallel to their 
oblique axis tb-G; becaufe the rays that flow from x are fuppofed to 
emerge parallel to the direft axis. Therefore to the eye at D, where 

thefe emergent pencils crofs, the objedt will appear diftinift, and 
upright'. And when the glafles F and G are exa6tly equal, the' Art. 147. 
image w* will be exa£lly in the middle between themj and fo the 
triangles -aFx, wOk will be exactly equal. Confequently the an- 
gle CDG, which now meafures the apparent magnitude to the eye 
at D, will be equal to the angle to-Gk or ttFk or BOF or AOE^ 
which meafured it before to the eye at O. 

1 66. In a telefcope of a given length the quantity of obje6ts taken How much 
in at one view, depends upon the breadth of the eye-glafs. For as ^j^^j^^^j^^" 
AE is greater or fmaller, the angle ALE or its equal FZ,^ is alfoFig.i62,i63, 
greater or fmaller; and this angle takes in all the objects that can 

be feen at one view on one fide of the axis of the telefcope. 

167. The difference between the aftronomical telefcope and Gd- ^''''^"'* «'«- 
lileo's telefcope or a common perfpeflive-glafs is this; inftead of thedwed."" " 
convex eye-glafs placed behind the image to make the rays of each^'S- '64. 
pencil go parallel to the eye, there is placed a concave eye-glafs AE 

as much before it; which opens the rays of each pencil that con- 
verged to q and^, and makes them emerge parallel upon the eyc; as 
is evident by conceiving the rays to go back again through the eye- 
glafs, whofe focal diftance we fuppofed was Eq. The eye rauft be 
put clofe to the glafs to receive as many pencils as poflible ; and then, 
fuppofing an emerging ray of an oblique pencil produced backward 

along 
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along AO, the apparent magnitude of the objciSl \% meafured by the 
•Art. 148, angle ^0£' or its equal ?E^, which is to the angle y£/J (or ^P, 
the meafure of the true magnitude,) as qL to qB, as before in the 
other telefcope. It is manifeft, by t!ie 147th article, that objefls in 
. this telefcope appear upright, 
lefs'tban'the" ■^^' ^'^^ quantity of objefts taken in at one view in this tele- 
former, fcope does not depend upon the breadth of the eye-glafs, as in the 
aftronomical telefcope, but upon the breadth of the pupil of the 
eye. Becaufe the pupil is Icis than the eye-glafs, and the lateral 
pencils do not now converge to, but diverge from the axis of the 
glafles. Upon this account the view being narrower is not fo plca- 
fant as in the former telefcope. 
^BB'/refkfl- ' ^9' ^'^ V'^^'^ Ney^tons refl,e6ting telefcope magnifies the diameter 
ing telefcope. of 3 rcmotc objeft in the proportion of the focal diftance of the re- 
Fig. i6s- flc6ting concave to the focal diftance of the convex eye-glafs, and 
fhews it inverted. Let 5 T be an image of a remote objed P^ 
formed by refleftions from a large concave furface^^C, and termi- 
nated by the lines PESA, ^ETC drawn through its center E. 
Now becaufe this image cannot be viewed through an cye-glafs 
placed direftly before it (for then the fpC'Staior would intercept the 
rays that are coming to the concave) therefore let the feveral pencils 
of rays which converge towards it in coming from the broad con- 
cave AC, be refletfted Tideways from a fmall polifhed plane, repre- 
fented by ac; and then the fecond image st, formed by this plane, 
• Art.66.79. ^iii [jg g^^j^i ^^ ^j^g j^j.^ \m^^'s, ST^. Let // be the focal dirtancc 
of a fmali convex eye-glafs ki and the rays which flow from any 
jioint s will be refracted through this glats, to the eye at 0, in the 
lines ko drawn parallel to the oblique axis si; and fo the apparent 
magnitude of the objefl, P^, to the eye at 0, will be meafured by 
the angle kol or sit': but to the naked eye at £, it is meafured by 
the angle PE^ or SET. Therefore the former apparent magnitude 
is to the latter, as the angle sit to the : 



> ArL 148. 



nglc SET ov, (becaufe their 



Mrt. 134. fubtenfes ji-, 5 Tare equal,) as ETto //''"or as CT to It, when the 

•An. 69. objeft is remote'. Note that the plane ac 6 is much too broad ia 

comparifon to the concave ACB, which could not be helped in fo 

fmall a draught. That the appearance of the obje6l is inverted ot 

turned from right to left, is evident by the 147th article. 

whyfomueh j -o. DioptHck tclefcopes which magnify much being very long 

ihorter than i \. i , f , ' , „■ ,,.° .v r i ir- 

otheis. ana troublelome to be managed, Sic I/aac Neialon pvo]^okd this me- 
thod to Ihorten telefcopes ' ; which anfwers to admiration; as ap- 
pears by a table in the 1 2th chapter, of the lengths of both forts of 
1 Opiicks. p. 95. ' 

telefcopcs 
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telcfcopes which magnify equally with equal diftinftnefs. The rea- 
fon why dioptrick telcfcopes cannot be mortcncd as much as thefe, 
and ftill magnify as much, by diminifhing the focal diftances of the 
eye-glafles', in ihort is this. The images made by refractions' ^"■'^♦■ 
through the convex objefl-glafles, being much more imperfeft than 
thofe which are made by rene£tions from concave furfaces, will not 
bear to be magnified fo much by fo fmall eye-glaffes*', without ap-"" An. 161. 
pearing confufed; and the chief caufe of thofe irnperfeftions in the 
piiStures is the unequal refrangibility of rays of different colours'. ' Art, 210. 

171. The following defcription of Mr. Gregories reflecting telQ'MT.Crfgonyt 
fcope differs from the author's chiefly in this 1 that he directs Iiis jcfleamg te- 
larger reflecting concave to be made of a parabolick figure, and his fcrib«i. 
lefTer of an elliptical one, inftead of the fpherical furfaces now ufed ; f '£■ '^*- 
which are the only figures that can be polifhed without infuperable 
difficulties. 

It is propofed to make a reflecting telefcope with two concave 
metals and a convex eye-glafs and to fliew its effeCls. Let the given 
focal diftances of the leiTer and the larger concave and of the convex 
eye-glafs, be equal refpeClively to the lines /, T, q-, and in a givea , 
line ctqCi, defigned for their common axis, take in one and the 

fame direction, ct-=^t, tg=T, jC = -^ andy/=y; and place 

the eye-glafs at /, the lefTer concave at c, and the larger at C; fo that 
their concavities may refpeCl each other; and let the incident rays, 
9S ^^, ^B, be reflected from the larger to the lefler concave, and 
from thence to the larger again, where let them pafs through a 
moderate hole made in the middle of it at C, and then be refraCted 
through the eye-glafs kl to the eye at e; I fay a remote objeCt will 
appear diftinCt and upright and magnified in the ratio of Ty. T to 
t y.g; that is, of the fquare of the focal diftance of the larger concave, 
to the reCtangle under the focal diftances of the lefTer concave and 
of the eye-glafs. 

172. For a pencil of rays ^^, ^B coming parallel to the common 
axis, will be reflected from the larger concave ACB to its principal 
focus T; where crofTmg one another, and falling upon the lefTer 
concave rtc^, they will be reflected from it to the point g. For 
fince the focal diftance TC = T=. /y by conftruCtion; by taking 

away the common part Ty, we have tT = qC ^ -^ by conftruc- 

tionj that is, we have tT, tc, tq continual proportionals, as they 
fliould be "^ i and fince /» / is the focal diftance of the eye-glafs k /, the " Am. 7 1. 

rays 
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rays that flow from q will emerge from it in parallel lines, and there- 
fore will produce a diftin6t appearance of the remote point ^from 
which they came. 

Fig.i«7. jy^. LetSTbe the image of the object P ^formed by refleflion 

from the large concave; and it will be terminated by the line PES, 
drawn through £, the center of this concave, parallel to the rays 

' Art. 79- pj^ p^ that flow from P ". Again, the rays that flow from this 
image ST, will be refledled from the lefTer concave and form a fe- 
cond imagery; which will be terminated by the line ^i*^ drawn 

> Art. 79- through the center <r of this concave ""j and the rays that diverge 
from f> will emerge from the eye-glafs ^/ in the lines ko parallel t» 

» Art.98. tjjg ling pi^ drawn through the center of the eye-glafs ^ Therefore 
the objeit P^will appear upright, becaufe the rays io lye on the 
fame fide of the common axis ^0 as the point P from which they 
came. 

174. In the fecondimage^j take aline jj equal to the firft image 
7*5; and if the image /> g was equal to qs, the obje£l would appear 

' Art. 151. through the eye-glafs under an angle equal to q h '*; which is to the 
'SS- angle PE^ or SET, under which it appears to the naked eye af £, 

' Art. 13+. as TE or TC to ql*-, and fo the objeft would be magnified in the 
fame ratio as in Sir Ifaac Ne^vton's telcfcope. But fince the triangles 

« Art. 171. gp^^ eST are fimilar; and fince we had tq to te (as ie to tT', and 
disjointly as eq to eT, that is,) as^y to 5Tor qs; it appears that 
Pq'is bigger than qs, and alfo the vifual angle kol ox plq bigger than 
qls, in the faid ratio of tq to te. And fo the objeft being farther 
magnified in this ratio oi iq to te or, by conftruftion, of TC to / c, 
is magnified in the whole in the compound ratio of TC to t c, and of 
TC to q/, that is in the ratio of TC fquare, to the re£tangle under 
tc and ql. 

To adapt it jy^, Por viewing near objeiSls the little concave mufl: be removed 

objea!" a little from the large one. Becaufe while a remote obie6t approaches, 

BAn. 71. its image TS will alfo approach towards t^-, and while iT is dimi- 

*Ar(. 171. nifhed, its reciprocal tq will be increafed ''. 

Andtofhort- ^7^- Therefore to fit this telefcope for a fiiort-fighted perfon, 

4£htedeye». fincc the cyc-glafs is ufually fixt, the little fpeculum muft be moved 
fomewhat nearer to the large one. For then the interval fT will 
alfo be diminifhed and its reciprocal / q will be increafed ; and fo the 
rays will fall upon the eye-glafs diverging from a nearer point than 
its focal diftancej and confequently will emerge from it diverging 
upon the eye. 

/!^rruit^r*' ^77' ^y. ^ farther contraflion of the interval between the con- 

thc magnify. cavesj thc image/ J may be projefted through the hole in the large 

ing power. COHCave, 
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concave, to any given place behind itj and by removing the cye- 
glafs to the fame diftance from the images as before, the vifion would | 

jccome diftin^l again ; and the objeft would be more magnified than 
iefore, as much as the ratio of tq to te or tc is made bigger than 
jhe ratio of TC to tc; as appears by the demonftration *. But by' An. 17^. 
nlarging the image ^y, it becomes more obfcure and imperfect, and 
lonfequently the appearance of the object lefs bright and diftinfV. • \ 

^Jefides, as the image becomes larger, the lefs of it, and of the objefV, ' 

;an be (t^n at one view through a given eye-glafs. 

178. All things being fixt in their places, the diameter of an ob-ThevifiWe 
efl: taken in at one view, is proportionable to the breadth of the eye- b^,ad[h"f *" 

' ifs, if the hole in the large concave does not limit it. For thetheeye-glafs. 
gle of refleftion pee, at the middle point of the ieffer concave, be- 
ng equal to the angle of incidence eeS; it appears, that while pq 
mid kl are increafed or diminidied in any ratio, the image ST and I 

flie objefl P^ will alfo be increafed or diminlfhed in the fame =-' 

ratio. 

179. Now if an eye-glafs of a given focal diftance and convexity, ^* eni»rE«i 
be made veiy broad, it will become too thick} and fo the rays will g[iflis°/*^ 

^Hall too obliquely upon one or both its furfaces near the margin of , 

it i and this obliquity will caufe too many of them to be reflefted, * 

and the reft that are tranfmitted, to be too much refia6led, in com- 
larifon to thofe pencils that pafs through the middle of the faid lens. 
Therefore to increafe the vifible area of the objeft, it is neceflary to 

B»roje£t the imagery two or three inches beyond the hole in the^'S-'^^-'^s* 
arge concave, and to intercept the rays that are tending towards it, 
ivith a thinner and broader convex glafsy^ put clofe to the backfids 
' this concave; which glafs will caufe the rays to converge quicker 
lan before, and to form an image v x nearer to it, and fmaller, than ] 

3 J both being terminated by a line pvg drawn through the center ' j 

: this glafs. And then the rays of each pencil diverging from this 1 

new image vx, muft be received by another convex eye-glafs hi, I 

^hat Ihall make them emerge towards the eye in parallel lines. A ■ J 

menifcus glafs, whofe convex fide is placed towards the converging it 

pencils /"v 16, is fitteft for this purpofe; becaufe the rays will pafs ' 

through its edges lefs obliquely, than through a glafs of any other 
fliape. 

180. To prevent collateral rays, that pafs by the fides of the J''^ ^J"^ 
imaller concave, through the hole in the larger, and thofe alfo which °^^' 
are refleded from the imperfe(5l margins of them both, from enter- 

Ijng into the eye^ it is necelfary to place a thin plate with a proper 

mole in it to circumfcribe the image at x, and alfo another very fmall m 

I K bole I 
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hole at 0, where all the pencils ciofs one another immediately before 
they enter the eye. The breadth of this latter hole muft be no big- 
ger than that of the principal pencil at 0, and the places of them 
both muft be exaflly adjufted; otherwife the telefcope can have no 
good efFedt. 

181. Telefcopes of this kind are fometimes made with a little 
e convex fpeculiim inftead of the concave one. If their focal diftances 
a be equal, and the vertex of the convex de, be placed at r, where the 

center of the concave was, the telefcope will magnify in the fame 
ratio as before ; but will ihew the objed inverted ; unlefs it be fet 
upright by three convex eye-glafles, as in a dioptrick telefcope. For 
a pencil of rays converging from the large concave towards its focus 
T, being intercepted by the little couvex de, will be reflected by it 
to the fame point g as before by the little concave ^ c. For the point 
/ being the principal focus of both thefe little fpeculums, we have 
tT, te (or tc) and / q continual proportionals as before '. Through 
any point S of the firft image ST and through the center e of the 
little concave, draw Sep terminating the image pq formed by this 
concave *■; in like manner through c the center of the little convex 
de^ and through the fame point S, draw cSr terminating the image 
qr formed by this convex. Thefe images qp^ qr lye on contrary 
fides of the axis, and therefore the objeit appears in contrary pofi- 
tions. But thefe images are equal, and of confcquence the objedt 
appears equally magnified. For we have t q : t e :: t e : tl :\ t q =^ t e 
: ;^ =;=/ jT, that is ■.\eq:eT::cq\cl', And the triangles/ ^7, TeS 
being fimilar, and alfo yfr, T'f j, v,-Ghzvt pq: ST{.:eq\eT:\ cqi 
cT:'.) qr : ST; therefore/j is equal to qr. 

182. A double microfcope is compofed of two convex glaffes 
■placed at B and L. The glafs L next the objeft F^is very fmall 

and very much convex, and confequently its focal diftance LF is 
very fliort; the diftance L^of the fmall objedl P^ is but alittle] 
greater than LF; fo that the image pq may be formed at a grea(rJ 
diftance from the glafs % and confequently may be much great?] 
than the objeft itfeif''. This picture /y being viewed through f 
convex eye-glafs AE, whofe focal diftance is qE, appears diftinft a. 
in a telefcope. Now the'obje^l: appears magnified upon two ac-fl 
counts; firft becaufe if we viewed its pidure/y, with the naked ey^l 
it would appear as much greater than the objeft, at the fame di- 
ftance, as it really is greater than the objedl, or as much as Lq is 
greater than L^'; and fecondly becaufe this picture appears mag- 
nified through the eye-glafs as much as the leaft diftance at which 
it can be feen diftinaly with the naked eye, is greater than qE, thftl 
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focal diftance of the eye-glafs '. For example, if this latter ratio be- Art. iCi. 
5 to I, and the former ratio of Lq to Z-^be 20 to i, then upon both 
accounts the objedt will appear 5 times 20, or 100 times greater 
than to the naked eye. 

183. To fit thefe telefcopes and microfcopes to fhort-fightcd eyes, To fit tele- 
the glaffes E and L muft be placed a little nearer togetherj fo that '"''??" ^'' 
the rays or each pencil may not emerge parallel but may fall di-todefeanc 
verging upon the eye ^ ; and then the apparent magnitude will be^J'f'- 
altered a little but fcarce fenfibly; as is demonftrated in the nextios^iiT*" 
article. 

184. Suppofe the inten'al LE between the two convex glalTes to a ""^f*; fiene- 
be greater or lefs than the fum of their focal lengths, and let EF be "ration o" 
the focal diftance of the eye-glafs, and L q that of the objedl-glafs iteiercopei. 

I fay the apparent magnitude will be to the true as LFto F£, thatyiS'»7*.i73. 
is, as the interval of the glalTes diminifhed by the focal diftance of ' ' 
the eye-glafs, to the focal diftance of the eye-glafs. For the axes of 
all the pencils which pafs through Z-, as PLA, will be refracl:ed by 
the eye-glafs to a focus G, where the eye being placed will fee the 
whole object Pj^, though the aperture of the pupil and of the objeft- 
glafs be never fo fmall'^j and the object P^will appear under the'^^""°'* '• 
angle AGE. But L being a focus of incident rays upon the eye- *' 

glafs, we have Z,i= : XE :: i£ : XGS and disjointly /.F : i^£ ::' An. 107. 
{LE-.EG:: the angle EGA, to the angle £Z^' or PX^') as the;A«'34- 
apparent magnitude to the true. "' '* 

185. Hence according as the interval of the glaffes is greater or 
lefs than the fum of their focal diftances, the apparent magnitude is 
to the true, in a greater or lefs proportion than that of the focal 
diftances. 

186. The brightnefs of the appearance through a given telefcope^('"PPj^^* 
or microfcope is more or lefs in proportion to the aperture of the through' * 
objedl-glafs. For fuppofmg it covered with paper, all but a fmall'hem, 
hole in the middle, the magnitudes of the pictures ^y in the focus 
of the glaffes, and of that upon the retina would not be altered ; but 
the hole at L being fmaller than before, there are fewer rays in every 
pencil, and confequently in every point of thofe pictures, and fo they 
appear more obfcure. If the aperture and obje6t-gIafs remain the 
fame, things appear brighter or fainter according as the focal di- 
ftance of the eye-glafs is longer or fliorteri that is, according as the 
telefcope or microfcope magnifies lefs or more*. For the fame' An. 164. 
quantity of light fpread over a fmaller or larger pidure or part of '*'' 
the retina will make it brighter or duller. 

K2 187. Hitherto 
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AlUppearan- 187. Hithcrto I have fuppofed the eye to be always placed at 
whent/eTy'e '"'"^ point m the commoti axis of the refrafling or refleifling 
iioutof ihe furfaces. Now let it be placed at any point o in a line Oo perpen- 
axiiofthe dicular to the axis ^; I fay that all the appearances will be the 
fame or at leaft not fenfibly different from what they were before. 
For htpg be the laft image of an objeft, and P^the laft but one, 
or the object itfelf ; draw the lines po^ qo meeting the next furface 
in a and c; and the points P and ^ will appear to the eye at o in 
the directions of thofe lines oa, oc. Whence drawing pO meeting 
the furface in A; fince the direftions OA, oa^ in which P is feen, 
lye the fame way from the direftions OCy oc, in which ^ is feen, it 
is evident that the apparent fituation of the extremities P, ^ is the 
fame at both places of the eye; and alfo the apparent magnitude, 
which is meauired by the angle aoc* ot poq or pOq or AOC. For 
the fmall angles/<7y, pOq, being fubtended by the fame image /"j, 
very nearly at equal diftances^o, qO from and O, are very nearly- 
equal. The apparent brightnefs of the objeft is alfo the fame -, be- 
taufe the denfity of the rays, that enter the pupil, at any part of the 
perpendicular plane reprefented by Oo, is nearly the fame\ For 
the rays flow from or towards the laft image pq juft as if it was 
a luminous body. And laftly the degree of apparent diftinftnefs or 
confufion is the fame alfo, becaufe the angles which the pupil, placed 
at O or at o, fubtends at p and q, or the mutual inclinations of the 
rays in each pencil are Very nearly equal. 
Ageneraiob- 188. This general obfervation upon vifion is worth remember- 
on Wfion ''^' '"S- That the apparent diftinftnefs and confufion of an objeft 
depends upon the mutual inclination of the rays to each other in 
any one pencil when they fall upon the eye'; the apparent magni- 
tude, upon the inclination of the rays of different pencils to each 
other when they fall upon the eye**; the apparent fituation, upon, 
the real fituation of the extream pencils when they fall upon the 
eye'; and the apparent brightnefs and obfcurity, upon the quantity 
of rays in every pencil. 

" . The portable camera obfcura^ or dark chamber, commonly 
fold in the fliops, will require but a fliortdefcription. The theory is 
this; the rays. that come from the obJe<5l P^/i after paffing the lens 
£ are tending to form an image ^yr; but being renefted upwards 
by the looking-glafs ABC, they form an horizontal image -wx^ 
upon a glafs plane, whofe unpolifhed fide lyes uppermoft; upon 
which a copy of the pidure may be (ketched out with a black lead 
pencil; and to the fpeftator facing the objeft, the piflure appears 

upright. 
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upright. This figure reprefents a fc6tion of the machine through 
the axis of the lube that holds the lens, and through the middle of 
the fquare box and the looking-glafs within it. The fetftion of the 
fide oppofite to the tube is not here reprefented, it being a door that 
opens fideways; the edges of the rough glafs at the top are placed 
in two grooves upon the fides of the box; and being taken off, it is 
placed in a drawer ef at the bottom of the box; the looking-glafs 
ABC may alfo be drawn out of the grooves in the fides of the box 
and lodged in the fame drawer. The fquare wooden tube confifts 
of 3 parts J the innermoft that carries the lens, draws outwards or 
inwards to make the piftures diftinft. The parts gh and ik, being 
fixt together and to the box with fmall bolts, may be taken afunder 
and put into the box; then the lid at z\. the top, and the door at the 
end, being both fhut and fixt, the machine becomes more com- 
modious for carriage. The infide of the lid whofe feftion is at, 
has two wings, that open to right angles on each fide of it, and 
refl: upon the fides of the box, to Ihade the image upon the rough 
glafs. 

190. The conftruftion of the magick lantern is briefly this ; Defcription 
jiBCD is a tin lantern, from whofe fide there proceeds a fquare or J'/ni^in' by"^ 
round arm or tube ink dm, confiftingof two parts; the outermoft Mr.Mo/jww. 
whereof nklm Aides over the other, fo as that the whole tube may'^'S- ''^■ 
be lengthened or Oiortened thereby. In the end of the arm nklm 
is fixt a convex glafs kl : about de there is a contrivance for admit- 
ting and placing an objefl de painted in dilute and tranfparent co- 
lours on a plane thin glafs ; which objedt is there to be placed in- 
verted. This is ufually fome ludicrous or frightful reprefentation, 
the moreto divert the fpeftators: bbc is a deep convex glafs, fo 
placed in the other end of the prominent tube> that it may ftrongly 
caft the light of the flame a on the pi£lure de painted on the plane 
thin glafs. And here it is to be noted, that the glafs bbc is only 
defigned for the ftrong illumination of the pit^ture de, and has no- 
thing to do in the reprefentation; and therefore in fome of thefe 
lanterns, inftead of the glafs hbc, we fhall find a concave fpeculum. 
fo placed, that it may ftrongly caft the light of the flame a on the 
picture at de; and fometimes both are ufed. 

191 . Wherefore let us now confider the picture de as a very light- 
fome objefl of diftinft colour and parts. And let us conceive de 
more remote from the glafs kl than its focus. It is then manifeft 
that the diftindt image of the objeiSt de, ftiall be projefled by the glafs 
kl on the oppofite white wall FH at/g; and here it Ihall be repre- 
fented ereft. For now the whole chamber £^0// is dark, the 

lantern 
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lantern A BCD inclofing all the light; fo that in efFeftthis appear- 
ance of the magick lantern is no more than what we are told 
concerning the reprefentation of outward objedls in a dark room by 
a convex glafs ; and here we may obferve, that if the tube be con- 
trafted, and thereby the glafs kl brought nigher the obje6i: de^ the 
reprefentation y^f fhall be projefled fo much the larger; and fo much 
the more diftant fronj the glafs i/; according to the rules before 
- Art. \c\. j^id down*. So that the fmalleft pifture at de may be projefted at 
° "^ fs in any greater proportion required, within due limits. From 
whence the name of Lantema Megalographica. And confeqijently, 
protra6ting the tube and drawing the glafs kl more diftant from the 
objett de^ will diminifli the reprefentation y^, and projeft it nigher 
the glafs k I. 
^dif^t^*^ 192. Of a luminous objefl ^ let yr be the image formed by re- 
ways of iiiu- fleftion from a concave furface, or by refraftion through a convex 
Sofco'icd**"^^^^' or fphere AC; whofe center is £, principal focus F, axis 
^<Sf,*pi- ^^£FC, and femiaperture AC-, and let a perpendicular JFG, to the 
^"«8io a axis, cut the outermoft ray ^A in G; I fay the bright nefs of the 

^^&c. " feveral pidlures yr, will be very nearly as PG^ diredlly and FE^ 
Pig.i79»iio,inverfely. 

* ^* For, not regarding the fmall lofles of light by the feveral reflec- 

tions and refraftions, the quantity coUe^ed to the point q is very 

AC^ 

* Art. 25. nearly as r==r- **, and confequently the quantity in the area of the 

^^ 

whole piflure yr, as =-^ x ^* or =j x ^*. But the area of .. 

the piaurc is as yr« = ^X x ^^ = ^=5 x ^\ Becaufe.in the"^"^ 
•« Art. 7u reflemng concave, we have Fq : FE ::FE: F^; and confequently 
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Eg:E^:: FE :: F^i and in the lens and fphere we have ^g :^£ 
:: ^ : ^FS and confequently EgiE^iiFE: F^ Therefore 
the brightnefs of the piaure, or the denfity of the rays in its area 

being as their quantity direftly and the area iriverfely, is as 

very nearly ; and the more exadly as the aperture is fmaller and 
the objeft farther off. 

193. CoroL I. In a given fpeculum,Jens or fphere, the brightnefs 
of the picture of a given objeft, is as p G* i and therefore increafes 
continually with the diftance of the luminous objeft from the fo- 
cus F* 

194; CoroL 
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194. Corol. 2. If the luminous objeft be very remote, and the 
apertures of feveral ipecula, lenfes and fpheres be equal to one an- 
other, the degrees of brightnefs of the feveral piflures formed by 
them are reciprocally as the fquarea of their refpe£tive focal diftances 
very nearly. 

195. Corol. 3. Confequcntly if the feveral apertures be equal por- 
tions of equal fpheres, the degrees of brightnefs of the feveral pi- 
^res formed by a concave fpeculum, a double-convex glafs, a glafs 
fphere and a plano-convex glafs, are refpedtivtly as the fquares of 
the decreafing mufical progreffion 12, 6, 4, 3. Becaufe the refpec- 
tive focal diftances are {:, ^, 4^, ♦. of the cUameter of the given 
Iphere, by Art. 69, 103, 95; and the reciprocals of an arithmetical 
progreffion are called a mufical progreffion. 

196. Corol. 4. Therefore the concave fpeculum has greatly the A aonmtriib^ 
advantage of the fphere Aid knfes, for illuminating microicopical?^**^'^"^^ 
obje£ls, and alfo for burning things in the fun-fhine, though not in d^Hnd ^ 
fo great a proportion, as wSUi appear by the next cordUarv. fpccoimiu* 

1 97. Corol. 5. Though the rays in two pictures of the fun formed 

by fimilar fpecula, be equally denfc% yet the picture formed by the* Ait.-i9fc 
larger fpeculum, being propcHtionably larger, will bum things more 
vehemently than the foialkr ; becaufe the burning particles of mat-> 
ter communicate and propagate their heat to one another. And 
when the fpecula are fimilar, the aberrations pf the rays from the 
peripheries of the piftures^ are alfb fimilar ^ ^Axt. %%^ 
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To DETERMINE THE ABERRATIONS OF RAYS, FROM THE GEOME- 
TRICAL Focus, CAUSED BY THEIR UNEQUAL ReFR ANGIBILITY, 
AND ALSO BV THE SpHERlCALNESS OF THE FiGURE OF REFLECT- 
ING AND REFRACTING SURFACES. 
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Proposition 
!.T ET the common fine of incidence be to the fine of refraBtonoj 
J__y the leaji refrangible rayi as I to R, and to the fine of refrac- 
tion of the mofi refrangible rayi as\to^\ and the diameter of the leaji 
circular fpace into which heterogeneal parallel rays can be colleSted, by a 
fpberical furface or by a plano-convex lens, -will be to the diameter of iti 
aperture^ in the conflant ratioofS—~K to S-1- R — a I. 

For let an heterogeneal ray PA fall upon a fpherical furface ACB^ 
and let it be feparated by refraction into the rays AF, Af, cutting 
the axis EC, drawn parallel to PA, in F and/. Take the arch CB 
equal to CA, and let another heterogeneal ray PB, coming parallel 
to PA be refracted into the lines BF, Bf, cutting the two former 
rays in R and S. Join RS and produce it till it meets the incident 
rays produced in I and K, and the perpendiculars EA, EB to the 
refrading furface at the points A, B, in H and L. And when AB^ 
the breadth of the aperture or of the pencil, is but moderate, and 
confequently the refraftions at A, B but fmall, the angles of inci- 
dence and refraction, HAI, HAR, HAS, or the arches that mea- 
fure them, or their perpendicular fubtenfes H/, HR, HS, will be to 
each other very nearly in the fame given ratios as thofe of the fines 
* Art. 68.84./, R, S of thofe angles'. And disjointly the differences of thofe 
fubtenfes will be proportionable to the differences of thefe fines: 
that is, the line RS -.RI:: S — R : R — I, and doubling the confe- 
quents, RS : 2RI or IK — RS::S — R : zR — zI; and conjointly 
RS:JKoiAB::S — R:S-i-R — 2/. From this given ratio of 
RS to A B in which they increafe or decreafe together, it appears 
that all the intermediate rays which fall upon AB will pafs through 
HS> And when parallel rays fall perpendicularly upon the plane 
fide of a plano-convex lens, they are refracted only at their emergence 
from its convex furface; and fo the aberrations are the fame in both 
cafes. ^ E. D. 
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J99. Carol. T. Hence tlie tUameter RS, of the circle of aberrations 
that contains all the incident rays, is a 55th part of the diameter 
^B of the aperture of a plano-convex glafs, whatever be its focal 
diftance. For fuppofing SiR a'ld ^5 to be the outmoft red and 
inthgo rays, their fines of incidence and refratlions /, R, S arc to 
each other as Jo, 77, 78 \ Whence 5 — R is toS-hR — 2 /as* 
I to 55. 

200. Ccrol. 2. The diameter of the leaft circle that can receive 
the rays of any (ingle coiour or of feveral contiguous colours is alfo 
determinable from the proportions of their fines. Thus all the 
orange and yellow is contained in a circle whofe breadth is the 260th 
part of the breadth of the aperture of the plano-convex glafs ; the 
fines of theoutermoft orange AR and yellow AS being to the com- 
mon fine of incidence as 77I and yy.^ to 50''. ' 

201. Cord.T,. Indifferent furfaces, or plano-convex glalfes, the 
angles of aberration RAS are as the breadths of the ajwrtures AB- 
dire£lly and as the focal diftances CF inverfely; becaule any angle, 
as RAS, is as its fubtenfe RS diredlly and as its radius AR or CF 
inverfely. 

202. Ccrol. 4. If feveral glafTcs of feveral forts or fliapes have the 
fame focal diftance, and the fame aperture; the diameter of the cir- 
cle of aberrations of hcterogeneal parallel rays from their principal 
focus, will be the fame in them all; being the fame as in a plano- 
convex glafs when its plane fide is turned to the incident rays'; and' 
may therefore be determined by art. 198. And when the rays in the 
incident pencil are either parallel or inclined to the axis of the lens, 
the diameter of the circle of aberrations is as its diftance from the 
lens ; becaufe the angle RAS is invariable. 

203 . Carol. 5. Therefore with refpeft to thefe aberrations by colours 
fepaiately confidered, it is indifferent which f:de of the lens is turned 
to the incident rays i becaufe its focal diftance is the fame in both 
pofitions ^ 

L E M M A, 



Art. S7-S'' 
Fig. 181. 



204. T/a' '■arfed fm-i AI3, AC of very Jmall arclm BD, CD, o/Flg.113.184. 
unequal circles BDG, CDH, that have the fame right fine AD, are 
reciprocally proportionable to their diameters BG, CH very nearly^ that 
is AB : AC :: CH : BG. 

For fmce the rcClangles under BAG and CAH are each equal to 
the fqnare oi _AD \ and coniequently to each other •, their fides are' ^"'=- ^'^• 
reciprocally proportionable ^ that is AB is to ACzs AH to ^Gorf euc. VI. 
L as '4- 
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as CH to BG very nearly, when ihe verfed fines are incomparabl* 
lefs than the diameters thcnifelves '. ^ E. D. 



Fig. 185. 



*A«.9j, 



« Art»gi. 
* An. 104. 
' Art. 68. 



Proposition II. 

205. When bomogeneal parallel rays NA, E Cfall upon a fpherxcal fitr^ 
face AC whofe center is "E, the longitudinal aberration FT of any rrfraB- 

ed ray AX from F the focus of the pencil, is to the verfed fine of the arch. 
AC intercepted between the point of incidence and the axis F- C F, in the 
given ratio cj the f^uare of the fine of refraSIion, to the reSiangk under 
the fine of incidence and the difference of the fines very nearly ; and the a&- 
erration is the fame when the rays fall perpendicularly upon the plane fide 
of a plano-convex lens. 

For when the refraftion is made in the pafTage of a ray NA from 
a denfer to a rarer medium, the interfe6lion T of the refrafted ray 
^2^withthe axis ECF, lyes between the refra^ing fmface and it& 
focus F. With the center T and femidiameter TA havhig defcribed 
the arch ^D cutting the axis in D, draw the fine AP of the arches 
AC, AD, and alfo £ A'^and £M the fines of incidence and refrac- 
tion, for which put « and m-, then becaufe the triangles ETM, ATP- 
arefimiiar, it will beas ET: TA or TD :: (EM: AP ovEN::) 
EF: FC^i anddisjointly TF-.EF:: {FC—TDor) TF—CD: 
FCi and alternately TF : TF—CD :: EF -. FC; and disjointly 
TF-.CD :: {EFiEC::) w: m — n'. Again fince (PD :PC :: 
CE :DT^ or FC% and conjointly) CD : CPi: {EF : FC::) m: m. 
by compounding this an d the foregoing proportion, it will be as. 
TF:CP::mm: m—n, n. ^E.D. 

206. Coroi I. The fegment ACBPA may be confidcred as a 
plano-convex lens; and when rays fall parallel upon its plane fide, 
the longitudinal aberration of the extreme ray falling upon A is equaP 
to I of its thicknefs /*C, as appears by putting 3 and 2 for w and it 
refpedtively. 

207. Corol.2. '*"'- ^^'- -^ '=-- ^"■— """ '^^* 



'K1K.VI.13. 
■ Alt. 91. 



m — «! ■ 
xCF«. 



Alfo this aberration FT = 

rri' — «, n 2 £ 
A P * A P ^ 

<r^p. For PC = —^ very nearly ^ and JSC 



FG 



208. Coral. 3. Let the refrafted ray ATG produced, cut the line 
" perpendicular to the axis, in G, and the lateral aberratioa^ 
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209. Corol. ^. When the femidiameter of the convexity or the fo- 
cal dirtance is given, the longitudinal aberrations are as the fquares, 
and the lateral aberrations as the cubes, of the linear apertures of a 
piano-Convex lens. 

Proposition III. 

210. When parallel rap (X^, ^C are refleSledfrom afpherical con~?'yg. ii6. 
cave AC B ivhofe center is E and whofe aperture AC B h but jmall, the 
longitudinal aberration TF of the extream ray AT from the geometrical 
focus F, is equal to half the 'uerfed fine C P of the femi aperture AC 'oery 

nearly. 

In fig. 185. imagine EM, the fine of refraction to be diminiftied 
to nothing, and then to become negative and equal to fiiVthe fine 
of incidence, and the refraftion of the ray to be changed to reflec- 
tion as in fig. 186; and by the former propofition it will be as TB 
: CP :: mm : — m — n,n :: nn : — 2nn :: i : — 2. 

But the particular proof is this. By the laft lemma the verfed^'S- *'^' 
fine CP nearly equals 4. the verfed fine PD of the arch ^D whofe 
center is T and femidiameter TA or TE or 4. the femidiameter of the 
archie very nearly. But 2TF =^ zTE ~ zEF ^ ED — EC ^'^■^9- 
=^CD exaaiyor CP nearly. Therefore TP' = 4-CP nearly. 

211. Ccrol.i. We had 2!rp:= Ci) exafllyi which is the excefs 
of the fecant ED of the arch AC above its radius EA, For join- 
ing -.^D the angle DAE in the feraicircle DAE is a right one. 

A P^ 

212. Carol. 2. The longitudinal aberration "fF = ^ ^ . For 



CP — z 



AP' 



- ^CE' 



; nearly '' 



APS 



213. Carol. 3. The lateral aberration FG := ^.CE^ ' ^°'' ^^ ' 

FTx'.AP-.PTor^CE nearly. 

214. Corol. 4. When the diameter of the concave, or its focal 
diftance, is given, the longitudinal aberrations are as the fquares, and 
the lateral ones as the cubes of the diameters of the apertures. 
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Proposition IV. 

215. When parallel rays of any one fort are refradled by a plano^con^ 
'vex objeSl-glafs^ or when rays of all Jorts are refleSied by a Jpberical con^ 
cavey the diameter of each circle oj aberrations caufed by thefpbericalneji 
of the figures y is equal to 4. the lateral aberration of the extream ray tn^ 
eacb'f and therefore is given by the former propofitions. 
Fig.187,188. Let uTt be any refradled or refleded ray cutting the axis ECT 
in T, and the extream ray ATG^ that comes from the contrary fide 
of the axis, in T. Draw TX perpendicular to the axis, and fup- 
pofing the line ATG immoveable, as the point of incidence a moves, 
from the vertex C, the perpendicular ^2^ will firftincreafe; becayfe 
the angle Grot continually increafes, and afterwards will dccreafc,. 
becaufc the line Tr continually decreafes; and when XT is the. 
greatefV, it is evident that all the rays, incident upon the fame fid^ 
of the axis as itfelf, will pafs through it. To find its greateft quan^' 
tity, let the incident ray qu cut the chord APB in i9, and fiipppf- 
ing the variable aperture P]Q = *i;, the variable l^X^spzx and th© 
givei> lines PA:=rz a^ PTz^f\ TF^=^bi by cor. 4, prpp. 2 and 3„ 
the aberration Ft is to the aberration F T (b) zs w a* or jP/3* {vv) ta 

PA ^(aa). Wherefore Ft = — b and thence TF— Ft = ^r ==^ 



aa 



— >t.aa — vv. Again PT{f): PA (a) : : TX (x) : XTz^ ^ ;. 
a ^ J 

alfo7ir«(v) iwr or PT(f J ::XrC~^ iXr^^. Hence 



ax h 



again l^r^ or Xr + Jt!r=;=: — -|-x=— x aa^-^vv found be-* 

X b b 

fore; or -- X ^ H- ^^=^7^^ a -{- v % a ^^v . Whence ^ == — v 

X a — V, and therefo re x or TX is the greateft poflible when the 
re6langle v x a — -i;, or P/Q x /3-B is greateft, that is when its fidtar. 
»Euc.vi.i3.p/3, jQS are equal % or when v=i^a. Subftitute this value for 
V in the laft equation and it gives the greateft value of ;c 5=5 4,^* 
or the greateft TX= ^TF^ and therefore the greateft XT— ^FG, 
becaufe ^X : XT:: TF : FG, and this Xr turned about the axis. 
PX defcribes the circle of aberrations through which all the rays, 
falling up ^J5 will juft pafs. ^JSLJD. 

P R 0-. 
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Proposition V. 

2i6v If the denfity of the refle^ed rays in the circU of aberrations be rig. i«f.. 
uniform J it is. to the denfity. of the incident rays falling perpendicularly 
upon a plane AP, as the tibole furface of the fpbere of which thefpeculum 
is a portion^ to the area of a circle wbofe diameter is the verfed fine P G 
of the fmall arch A C very nearly j and the more exaSlly as this arch is 
f mailer ; fuppofing alfo that all the incident rays are refieSled. 

For fmce the very fame rays pafs through two circles defcribed by 
the lines AP and XT turned about EC\ their denlities in thefe 
circles are reciprocally as the circles themfelves -,. that is, the denfity 
of the reflefted rays, is to the denfitv of the incident rayS, as AP^ 

I AP^ 

to ^r-, or ^ FG-\ or ,(,^^cE^ 'r that is, putting D f6r:^- J":" 

aCE, as 4£)4tOu4P+; that is, as4D^toPCs (becaufe A ^P,'^'^'*'^* 
PC are very nearly continual proportionals ^) that is, as the area oP Euc. vi. s. 
4 great circles of the fphere, or the whole furface of the fphere% toFArchim. d«' 
the area of a circle whofe diameter is PC very nearly. Sph. & Cyi. 

2x7. Cor. J. Therefore the greateft denfity of the reflefled rays is* 
at the focus P, confidered as a phyfical point; and is immenfely 
greater than the denfity of the incident rays* For the propofition 
above becomes geometrically exa£V when AP i^ infinitely diroinifh- 
ed, and XT' comes to its limit atP; and the denfity at Pis always 
the fame whether a flcnder pencil falls upon the fpeculum or a large 
one^ becaufe the butward rays are rcfleded wide of the focus F. 

218. Coroi. 2. In like manner when rays fall parallel upon theF%- 187. 
plane fide of a plano-convex lens, (putting m \pn for the ratio of 

. majority of the fines of incidence and refradlion) their greateft den- 
fity at their focus F, is to the denfity of the incident, rays, as the 
whole furface of a fphere whereof the lens is a portion,. to the area. 

of a circle whofe diameter is — PC^ or in glafs » of the verfed fine 

nn o + 

of the fmalleft ajverture of the lens; that is immenfely great.. It^ 
follows from art. 208. 

219. Cor. 3, Therefore the denfity of ii:fle£Ved or refrafibcd rays 
in the feveral points of an image of a very remote objeft^ is alfo im- 
menfely greater than the denfity of the incident rays .of amy one: 
pencil. For it would be immenfely^reat, if all the rays of every 
pencil were rejcfted, except a few that go near to. their axes,, and' 
thofe outward rays being fcattercd upon points collateral to each- 

' "^ point. 
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point of the image, help 
whole image. 
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\f\n to increafc the denfity of the rays in the 



Proposition VI. 

220. The circle of aherratiom caufed by the fphertcalmfs of the figure 
vf the objeSi-glafi of a tclefcopc, compared with the circle of aberrationt 
caufed by the unequal refrangibility of rays, is altogether inconfiderable. 
Ktwt. Opt. For if the objcifl-glafs be plano-convex and the plane fide be 
^' '3' turned towards the object, and the diameter of a fphere whereof this 

glafs is a fegment be called Z>, and the femidiamer of the aperture 
of the glafs be called 5, and the fine of incidence out of glafs into 
air be to the fine of refraction as n to «; the rays which come pa- 
rallel to the axis of the glafs Ihall in the place where the image of 
the objedt is molt diftinCtly made, be fcattered all over a little circle 

whofe diameter is — x yry; very nearly, if they were all equally 

refrangible by article 2 1 5 and 20S. As for inftance, if the fine of 
incidence n be to the fine of refraction w as 20 to 31, and if U, the 
diameter of the fphere to which the convex fide of the glafs is 
ground, be 100 foot or 1200 inches, and confequently the tciefcope 
•Alt. 9J. about J 00 foot long ', and S the femidiameter of the aperture be 



*Art. 199. 



■ An. joa 
Newt. Opt. 



- parts of an inch* 



Si 3 1x31x8 961 

DD" 20 X 20 X 1200 X 1200 72000000 ' 

But the diameter of the little circle through which thefe rays are 
fcattered by unequal refiangibility, will be about the 55th part of 
the breadth of the aperture of the objetft-glafs", which is here 4 
inches. And therefore the aberration arifing from the fpherical 
figure of the glafs, is to the aberration arifing from the different re- 

961 4 

irangibility, as to — , that is as i to 5449 ; and therefore 

o J* 72000000 55 J-rt-y 

being in comparifon fo very httle, deferves not to be confidered in 
the theory of telefcopes. If we fuppofe the little circle of aberra- 
tions arifing from unequal refrangibility, to be 250 times narrower 
than the circular aperture of the objeil-glafs, it would contain all 
the orange and yellow, and would permit the other fainter and 
darker colours to pafs by it % which perhaps may fcarce aifeft the 
fenfc; yet even in this cafe the aberration caufed by the fpherical 
figure, would be to the aberration caufed by the unequal refranribi- 

lity. 
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lity^ in a 100 foot telefcope, but as 



72000000 "2"i;'°''<'"'y= 



to 1200, which fafficiently proves the propofition. _ 

221. Cord. I. If the focal diftances and apertures of a refiefting 
concave and a plano-convex glafs be both the fame, the diameter of 
the circle of aberrations, caufed by their figures, will be above 30 
times lefs in the refiefter than in the refra£ter. For thefe diameters 

^■"^ " i6CF' M — «l' *" TcF' ^ ^"" ^'^' ^^2' ' 
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Hence if the length of each tele- 
fcope be 100 foot, the lateral aberrations in the refle£ter would be 
30 X 5449 or 163470 times lefs than the lateral aberrations caufed 
fcy unequal refrangibility in the refradler. 

222. Coro/. 2. The number of pencils, fbme of whofe rays are 
mixed together in every point of a confufed picture, is as the area' 
of the circle of aberrations of the rays in any one pencil; and con- 
fequently the mixture of the rays of different pencils, caufed by the 
iphericalnefs of the figure of an obje£t-glafs, if they were all alike- 
refrangible, would be to their mixture caufed by their unequal re- 
frangibility, as I to 5449 X 5449 or 29691601 in the prefent in- 
ftance. For conceiving any point in the confufed /picture to be a 
center of a circle of aberrations,, it is manifeft that all other equal 
circles of aberrations, whofe centers fall upon the firft mentioned 
circle will cover its center; that is fome rays of as many pencils will 
be mixed in this center as there are points in the circle itfelf; or,, 
which is the feme thing, the number of pencils mixed in this center 
is as the area of the circle of aberrations. 
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Chap. XIL 

A REFRACTING OR RKFLECTING TeLESCOPE BEING GIVEN, WHOSE 

Aperture and Eye-glass are adjusted by Experience, to 

DETERMINE THE LeNGTII, ApERTURE AND EyE-GLASS OP AN- 
OTHER Telescope, through which an Object shall ap- 
pear AS bright and distinct as in the given one, and' 

MAGNIFIED AS MUCH AS SHALL BE REQUIRED. 

« 

Proposition I. 

223.T N all forts tf telefcopes and double microfcofes^ the apparent ith^ 
X diftinffnefs of a given objeBj is as the area of a circle of aherr ac- 
tions in the focus of the objeSl-glafs direSlty^ and as tbefquare ^ the focal 
dijiance of the eye-glajs inverjely. 

For in vifion with the naked eye or with glafles, the apparent ift- 
diftin^tnefs of a given objeft, is as the area of a circle of aberrations 
in its picture painted upon the retina, Becaufe any one fenfibfe 
point of the retina, being the center of a circle of aberrations, will 
at once be afFefled by a mixture of the rays of as many diftin6t 
•Art. 222. pencils, as there are fenfible points in the area of that circle^; and 
fo will at once convey to the mind a mixt or confufed fenfatton of 
the fame number of vifiWe points in the objeft, from whence thofe 
pencils flowed ; and this number of points is as tlie magnitude of the 
area of a circle of aberrations, whatever be the magnitude of a fenfi- 
ble point of the retina. Now in vifion with telefcopes, the diameter 
of a circle of aberrations in the pi6lure upon the retina, is as the 
apparent magnitude of the diameter of the correfponding circle of 

* Art. 136. aberrations in the common focus of the glafles ^ that is as the an- 
« Art. 164, gie fubtended by this diameter at the center of the eye-glafs * ; that 

is as the diameter itfelf direflly, and the focal diftance of the eye- 

* Art. 86. giafs inverfely ^. And fo the area of that circle of aberrations upon 

the retina, is as the area of the correfponding circle of aberrations in 
the focus of the obje£l-glafs direftly, and as the fquare of the focal 

* Euc.xlK 2. diflancc of the eye-glafs inverfely % , 

224. Corol. In all forts of telefcopes and double microfcopes a 
given^bjeft appears equally diftin6t, when the focal diftances of the 

eye* 
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rye-glafles are as the diameters of the circles of aberrations in the 
focus of the objefl-glafles. 

225. The aheration in the confuGon which may arife from ab- 
errations caufed by the eye-glafl'es, is not here regarded, as being 
inconfidcrable. We only confider the confufion of thofe points in 
the image which lye very near the axis of the telefcope, as of the 
point y in fig. 1 62. Now if this point was perfeftly diftin6t the rays 
going from it would emerge from the eye-glafs in parallel lines with- 
out fenfible error j becaufe the breadth of this cylinder of rays is 
exceeding fmall compared to the breadth of the eye-glafs, being in 
proportion to the breadth of the aperture of the obje<5l-glafs as their 
local diftances j and the refraftions at fo fmall a diftance from the 
axis are fufficiently true and regular. It is the largenefs of the aper- 
ture of the objeft-glafs and of its focal diftance, which caufes the 
irregularity in its refra£lions. Add to this that the differently re- 
frangible rays cannot be feparated fenfibly in going fo fhort a di- 
ftance as between the eye-glafs and the eye. Befides this we find 
by experience that objedls and images diftinft in themfelves, appear 
fufficiently diftindl through very fmall eye-glaffes when their aper- 
tures are fmall. 

Proposition II. 

226. In refraSiing telefccpe% the apparent inJIflinStnefs of a given ob^ 
je6li is direSlly as the area of the aperture of the objcSl-glafs^ and inverfcly 

as the fquare of the focal dijlance of the eye-glafs. ^ 

This appears from prop, i, becaufe the area of the circle of ab- 
errations at the focus of the obje6l-glafs is as the area of its aper- 
ture*; and becaufe the aberrations arifing from the eye-glafs ^ and'^rt. 198. 
from the fphericalnefs of the figure of them both are inconfi- ^^' *'^* 
derable ^ « Art. 220. 

227. CoroL In refrafling telefcopes a given objefl appears equally 
diftin61, when the diameters of the apertures of their objedt-glalfes, 
are as the focal difliances of their eye-glafles. 

Propos it ion III. 

228. In all forts' of telefcopes anddoiihle microfcopes the apparent bright^ 
nefs of a given objeSl is as the fquare of their linear apertures dircolly 
and as the fquare of their linear amplifications inverjely. 

For if the fquares of the linear amplifications, that is if the areas 
of the pidlures upon the retina were the fame, their brightnefs 

M would 
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would be as the quantities of light coming through the areas ot 
the apertures, that is as the fquares of the linear apertures ; and if 
the apertures or quantities of light were the fame, the brightncfs of 
the pitSlures would be as their areas inverfely or as the fquares of 
the linear amplifications inverfely. Therefore when neither the 
apertures nor the amplifications are the fame, the brightnefs is as 
the fquare of the linear apertures direftly, and as the fquarc of the 
linear amplifications inverfely. ^. E. D. 

229, Corol. !• Hence in refrafting and reflefting telefcopes a given 
obje^ appears equally bright, when their linear apertures are as 
theip linear amphfications, that is as the focal diftances of the ob« 
jedt-glafles dire£tly and as the focal diftances of the eye-glaflfes in- 
verfely. 

230. Corol. 2. If the breadth of the aperture of a given objeft- 
glafs and the focal diftance of the eye-gla?s be each increafed in any 

• Art. 117. given ratio, the diftinflnefs will remain the fame as before "i and 
\ Art. 164, *fac linear amplification will be diminifhed in the fame ratio ^; but 

the apparent brightnefs will be increafed in a ratio quadruplicate of 
the former ratio by this propofition ; and on the contrary. 
Dioptr. p. 231. Hugens obferves that the fame degrees of diftinftnefs here 
»i5- demonftrated do not exaftly agree with experience, as he found by 

looking at the fame objeft through diflferent telefcopes, or through 
the fame telefcope with diflferent apertures ; and that through the 
larger aperture the obje£t appeared not quite fo diftin£t as through 
the fmaller. He found alfo that in viewing objefts of different 
brightnefs through the fame aperture, the apparent indiftin6tnefs 
of the brighter objedt was a little greater than that of the duller : 
and therefore the aperture adjufted for the duller planets may be 
fomewhat larger than for the brighten 

Proposition IV. 

232. 7;i reflect ng telefcopes the apparent indifiinSlnefs of a given ohje^ 
is as the Jixth power of the diameter of the aperture of the obje&^metal 
direSily^ and as the fourth power of its focal dijiance inverfely^ and alfo as 
the fquare of the focal dijiance ofth^ eye-glafs inverfely. 

For the area of a circle of aberrations in the focus of the ob)e6t« 

• Aft. 215. metal is as the fixth power of its linear aperture direftly and as the 

»i3- fourth power of its focal diftance inverfely^; and therefore the ap- 
parent mdiftinftnefs of the objeft^ i^ as the fixth power of the linear 

aperture 
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aperture direflly, as the fourth power of the focal diftance of the 
object- metal inverfely, and as the fquare of the focal diftance of the 
eye-glalk inverfely '. ^. E. D. ' Art. uj. 

233. Corel. In reflecting telefcopes a given objeiS appears equally 
diftincl when the cubes of the linear apertures of the objeft-metals, 
are as the folids whofe bafes are the fquares of the focal diftances of 
the objed-metals, and heights are the focal diftances of the eye- 
glafies : or when the focal diftances of the eye-glaftes are as the 
cubes of tlie linear apertures of the objeil- metals, applied to the 
fquares of their focal diftances. 

Proposition V. 

234. 2n refraSf'ing telefcopes of various lengths a given objeSi will ap~ 
pear equally bright and equally diJlinSi, when their linear apertures and 
Jocal dijiances of their eye-glaffes are federally in a fubdupUcate ratio of 

their lengths or focal dtflances of their objcSi-glaffes : and then aljo their 
linear amplifications will be in a fubdupUcate ratio of their lengths. 

For to ftiew the objed equally bright, the rectangle under the 
linear aperture and the focal diftance of the eye-glafs muft be as the 
length of the telefcope'*, and to fliew it equally diftiiiiSt the linear* An. J19. 
aperture muft be as the focal diftance of the eye-glafs '; and there-* An. 217. 
fore to perform both things together, the fquare of the linear aper- 
ture, and alfo the fquare of the focal diftance of the eye-glafs, muft 
be feverally (as the rectangle under each, or) as the length of the 
telefcope; and confequently the linear aperture, and alfo the focal 
diftance of the eye-glafs, as the fquare root of that length. Now the 
linear amplification was as the linear aperture'', or by this demon-'''^'"t-'i»7- 
■ftration, as the fquare root of the length of the telefcope, ^. B. D. 

235. Hugens's ftandard telefcope 30 foot long, or 360 inches, Diop.p.jio,. 
bears an aperture whofe breadth is 3 inches, and an eye-glafs whofe 

focal diftance is 3 inches and 3 tenths. From whence he has given 
us the following table of apertures and eye-glalTes for other tele- 
fcopes ', computed by the following rule. • Art. J44. 

Multiply the number of feet in the focal diftance of any propofed 
objeft-glafs by 3000, and the fquare root of the product will give 
the breadth of its aperture in hundredth parts of an inch. And 
the fame breadth of the aperture, increafcd by a tenth part of itfelf, 
gives the focal diftance of the eye-glafs in hundredth parts of an 
inch. And the magnifying powers aie as the breadths of the aper- 
tures. 

For fince the ftandard telefcope has 30 foot focal diftance of its 
M 2 object- 
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objefl-glafs, put F for the number of feet in any other focal di- 
llance, and fay by the propofition as v/30 to v/F, fo is the (landard 

aperture 3 inches or 300 centefimals or \/3oo x 300, to the aperture 

fought; which therefore is s/ZoooF in centefimals of an inch. 
The focal diftance of the eye-glafs of the ftandard telefcope is 3^V 
inches, that is a tenth part more than the breadth of the aperture 
of the obje6l-glafs ; confequently the focal diftance of the new eye- 
glafs muft be a tenth part more than the linear aperture of the new 
obje6l-glafs, by the laft propofition. 
Diop. p. 215- 236. He alfo adds the following direflions how to fuit thefe tcte- 
fcopes to all forts of obje6ls feen either by day or by night. They 
are proportioned in the following table foraftronomical obfervations, 
and therefore will require more light when ufed in the day time. 
For when the eye is dazled with the brightnefs of the day, objefls 
will appear through them but obfcure, which in the night are fuf- 
ficiently bright. Therefore (fays Hugem) when I ufed thefe telefcopes 
to obferve objefts by day-light, by experience I found it requifite to 
change the eye-glaffes for others whofe focal diiftances were double 
the former. By this means the apparent brightnefs became qua- 
druple, becaufe the furfaces of the images in the bottom of the eye 
• Art. 164. were diminifhed in the fame proportion *. For as the aperture re- 
mains unaltered, fo does the quantity of light, and therefore it illa- 
minates a leflTer fpace fo much the more. Now if the aperture was 
increafed without changing the eye-glafs, the brightnefs would be 
increafed too, but then the mift arifing from greater aberrations 
would alfo be greater; and therefore this remedy muft not be ufed. 
237. But one may afk this queftion, fince by fubftituting an eye- 
glafs of a longer focal diftance, the apparent indiftinflnefs hitherto 
examined is diminifhed, why may not the aperture of the object- 
glafs be fo far increafed, till the fame degree of indiftinftnefs returns 
again as belongs to a telefcope regulated by the table ? For from 
^ Art. 230. hence more light is gained and the diftinftnefs is not altered**. The 
•Art. 231. anfwer is this, which I hinted before % that the mift arifing from 
Newton's aberration, though the fame in quantity, becomes more 
fenfible in proportion to the brightnefs of the image. For the 
brightnefs of the mift increafes at the fame time. And we find by 
experience, that as foon as the apertures of thofe day-light telefcopes 
are increafed, the mift arifing from the aberrations of a brighter ob- 
}c6l begins to be troublefome. The apertures therefore muft not 
be altered. 

238. Again one may aflc, if a telefcope fitted for Saturn be ap- 
plied to the Moon, which is 100 times brighter (I mean in each equal 

parts 
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parts, though not in the whole, as being 10 times nearer to the 
$un;) one may alk I fay whether the breadth of the aperture and 
the focal diftance of the eye-glafs may not both be leflened in the 
fame proportion to make the regions of the moon no brighter 
than thofe of faturn, but much greater in appearance than befoie. 
For inftance, in a 30 foot telcfcope, if 3 inches, the breadih of the 
aperture be reduced to v/A of an inch, which is fomewhat lefs than 
{\/^ or) a third part of the former, and alfo the focal diftance of 
the eye-glafs be (hortened in the fame proportion; the proportion 
of the apparent brightnefs in thefe two telefcopes, the objeft being 
the fame, would be quadruplicate of 3 to v/A* that is as 100 to i j* Art. 230. 
and fince the regions in the moon are 100 times brighter in them- 
felves than thofe in faturn, the moon would appear in the darker 
telefcope juft as bright as faturn did in the lighter. But the appa- 
rent indiftinclnefs hitherto confidered would alfo be the fame in 
both^, and the amplification of the moon would be greater than* Art. 230. 
that of faturn in the ratio of 3 to v/-rV% which is more than triple.^ Art. 164. 
So that this redudion of the aperture and eye-glafs feems very ad- 
vantageous; but in reality it is quite otherwife; and that for two 
reafons. Firft becaufe the minute parts of the moon may be better 
difcerned when all the light remains in the telefcope, than when it 
is reduced to an looth part, though not in the fame proportion. 
The other reafon is that when the aperture is too much contra6led, 
the out-lines that circumfcribe the piftures in the eye become con- 
fufed ; which is carefully to be minded, and alfo what are the limits 
of this confufion. This is certain that as the aperture is contraded^ 
the flender pencils or cylinders of rays, that emerge from the eye- 
glafs into the eye, are alfo contra6led in the fame proportion. Now 
if the breadth of one of thefe pencils be lefs than 4 or 4- ^^ ^ ''"^» 
that is lefs than ^V or ^^ part of an inch, the out-lines of the pic- 
tures are fpoiled, for fome unknown reafon in the make of the eye, 
whether in the choroid, or in the retina, or in the humors it is un- 
certain. For by looking through an hole, in a thin plate, narrower 
than ^ or '^ of a line, the edges of objefts begin to appear confufed 
and fo much the more as the hole is made narrower. Now it is 
eafy to (hew in the laft mentioned telefcope that the cylinder of 
rays is too flender. For by adding V^ of the aperture to itlelf **, thea Art. 235, . 
focal diftance of the eye-glafs becomes ^/A + -rV v/tV> that is 44. 
v/A of an inch ; and by fimilar triangles fubtended at the common 
focus q by the aperture and cylinder fought % it is as the focal di-« Fig. 162, . 
ftance of the objetl-glafs, to the focal diftance of the eye-glafs, fo 
the breadth of the aperture, to the breadth of the cylinder; that is 

as 
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as 30 feet or 360 inches to 44^^-% inches, fo is v^A of an incHi 
to -riw inch or almoft -rV of a line; which is much lefs than -* 
But in the telefcope regulated in the table, it is as 360 to 3-rV To ^^ 
to-^i^ of an inch or almoft -^ of a line for the breadth of that cylin- 
der; which can poflibly do no harm. Hence we learn that the breadth 
of the aperture and focal diftance of the eye-glafs cannot be con- 
trafted much more than 4- of themfelves ; for even then the breadth 
of the cylinder at the eye will not much exceed ^ of a line. The 
fame is to be underftood of telefcopes of all lengths regulated as in 
the table, the breadth of the cylinder being the fame in all. For by 
the proportion juft mentioned it equals the breadth of the aperture 
multiplied into the focal diftance of the eye-glafs and divided by the 
focal diftance of the objeft-glafs, and confequently it is proportion- 
able to the linear aperture direftly and the linear amplification in- 
verfely ; which two ratios muft compound a ratio of equality to 
preferve the fame apparent brightnefs, by art. 229. 

239. Hence though we transferred one of thefe telefcopes from Sa- 
turn to Venus which is 2 2 5 times brighter, being 1 5 times nearer to 
the Sun, yet the breadth of the aperture muft not be contradled above 
4y part of the whole 1 and if too much light ftiil remains, it mult be 
diminiflied by darkening the eye-glafs with the fmoak of a candle. 
For a greater contraflion of the aperture is hurtful for another rea- 
fon, that all the little bubbles and veins in the eye-glafs become 
more conrpicuous by intercepting the whole or a greater part of 
thofe little cylinders above mentioned, and confequently the particles 
of the objeft they came from. 

240. Upon the whole I conclude we may lengthen our telefcopes 
at pleafure, according to tlie laws of the table, with good fuccefs; 
fince not only the brightnefs and diftindtnefs remain unaltered, but 
alfo the breadth of the pencils that enter the eye. Laftly to obferve 
exceeding fmall ftars and efpecially the Satellites of Jupiter and Sa- 
turn, the beft way is to increafe very much both the aperture and 
focal diftance of the eye-glafs. For fince they appear like points 
even through the telefcopes, there is nothing gained by endeavour- 
ing to increafe their diameters ; but their brightnefs muft be in- 
creafed as much as pofllble; and this is chiefly done by increafing 
the aperture. By doubling its breadth, the light received into it 
becomes quadruple, and then by doubling alfo the focal diftance of 
the eyc-giafs, the diftinftnefs returns to the fame as at firft'. But 
ftill the brightnefs will not become 16 times greater, according to 
cOr. 2. prop. 3, but only 4 times ; becaufe as I faid the piflure of 
the ftar upon the retina is but a fenfible point, whofe brightnefs 

cannot 
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cannot therefore be increafed by a diminution of its breadth, but 
only by an addition of new light. The cafe is different when we 
view tne iT.O^^ ^^^ primary planets through the fame telcfcope, 
whofe I'everal parts receive 16 times more light than uCiofd. ^hos 
by widening the apertures we very much increafe the power of the 
telefcope for finding out fmall ftars and the fattellites of Saturn, fo 
that perhaps with a 30 foot glafs, whofe aperture is 6 inches or dou- 
ble the ufual one, as much may be done as with another of 120 
foot whofe aperture by the table is alfo 6 inches. So far from 
Hugens. 



Propos 1 



VI. 



TION 

241. In rffleSiitjg tele/copes of various lengths a given ohjeSf wi/I ap- 
pear equally bright and equally diflin£}, -when their linear apertures and 
aljo their linear amplificatiom are as the fquare-fquare roots of the cubes 
of their lengths : and consequently when the focal dijiances of their eye- 
glajfes are alfo as the fquare-Jquare roots of their lengths. 

Put A for the linear aperture of the refiefting concave, L for its 
focal diftance or the length of the telefcope, F for the focal diftance 
of the eye-glafs ; and when the diftin£tnefs is given A^ is as FLL',' Art. ijj. 

and when the brightnefs is given the amplification or -p is as A^^*- An.tt^. 
that is f is as "i . Therefore when the diftlnftnefs and brightnefs 

. Z,3 4 

are both given, ,/^s is as -j--, or A* as L^-, or^as yLi. The am- 

L 4 

pHfication -p was as ^, that is as ^L^; and therefore F is as 



< 



■y- 



^E.D. 



242. In the reflefting telefcope made and defcribed by John Had- 
Ify, Efq; F. R. S. in the Philofophical Tranfaftions N''. 376 and 378, 
i ^ 62 ^ inches, F= 4- oi* tV or ^ of an inch. For he ufes 3 eye- 
glaffes and as many apertures for the refle6ter whofe breadths are 

L 
4t» 5» St inches. Hence the linear amplifications or -p are 187^, 

2o8|, 227-7 refpeftively. Taking the middle eye-glafs and aper- 
ture for a ftandard 1 computed the following table for telefcopes of 
Other lengths by this Rule. Call the number of inches in the lengths 

of 
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of any telefcope L, and the focal diftancc of its eye-glafs will be equal 
to 60 ^ 10 Zi in thoufandth parts of an inch. The quotient oi L 

•Art. 169. divided by 60 j), loL ov F gives the amplification*, which multi- 
plied by 24 will always give the linear aperture in thoufandth parts 

of an inch. For by the propofition ^X is as F; that is ^ 62^ or 

A 125 A 625 4. I . /L r 3 Ml /• f • 

y — — or ^ — - or c ^y — is to ^^ L zs — or 300 milleumals in 
\/ 2 ^10 -^ v^ 10 ^ 10 •^ 

the given eye-glafs, to the millefimals in the correfpondent eye-glafs 
or in JP= 60 ^. 10 L. And the aperture being as the amplifica- 
tion by the propofition, fay, as the amplification given or 2084. is to 

L . . 

p , the amplification found, fo is 5 inches, the aperture given, to the 

aperture fought = ^ x ^ = ^ x j inches- 

243. Were it not for the unequal refrangibility of rays, refrafting 

* Art. 221. telefcopes, though not fo fhort as thefe **, would alfo be proportioned 

« Art. 209, by this rule *^ : which not agreeing with experience, fliews again that 

^'^' the aberrations arifing from the fpherical figure are inconfiderable in 

comparifon to the other aberrations arifing from the unequal refran- 

gibihty of the rays. 
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CHAP. XIII. 
Concerning the Rain-bow. 



Lemma I. 

Tig. itg. 246. '"I "^ HE ratio of the tangents, CT, CV, of any two atigUs^ 
J_ C B D, C B E, « compounded of the ratio of their fines, C D, 
C E, taken dtreSily, and of their cofines, B D, BE, taken im^erfely. 

For the right angled triangles BCT, BDC are equiangular, and 
fb are the right angled triangles BCF, BEC. Therefore the ratio 
of CTto Cr, which is compounded of CTto CB and of CB to 
CF, orof CD to DB and of £S to EC, is the fame as the ratio of 
the reflangle under CD, EB to the rectangle under DB, EC, which 

'Euc.vi.13. is compounded of the ratio of CD to CE and of £B to DB', that 
is of the fines direftly and cofmes inverfely. ^. E. D. 



Lemma II. 



Jig-i9o,>9i- 247. THje leafi increment of an angle of incidence, is to the cotttempo~ 
rary increment of the angle of refraSfion, as the tangent of the angle of 
incidence, to the tangent of the angle^of refraSlion. 

Let two rays AB, aB, containing a very fmall angle ABa, be re- 
frafled at B along the lines BE, Be hy a plane or by any curvc- 
furface. From any point C, of the line BC perpendicular to that 
furface, draw CDd cutting the incident rays (produced) at right 

»Art.68. angles'" in D and d; and likewife CEe cutting the refrafted rays 
(produced) at right angles in £ and e. Then becaufe CD is to 
CE and Cd to Ce in the fame ratio of the fines, disjointly we have 
Dd to Ee as CD to CE. Now the ratio of the fmall angles {ABa 
or) DBd and EBe, which are the contemporary increments or de- 
crements of the angles of incidence and refraction, being compound- 

• Art. 86. cd of the ratio oiDd to Ee and of BE to BD'', that is of CD to 

CE and of BE to BD, is the fame as the ratio of the tangents of 

• Art. 146. incidence and refraflion '. ^ E. D. 
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Proposition I. 

248. When a ray of light ts refraSIed into a circle, and fucceffively re~ 
JieSied •within it any given number of times before it emerges out of the 
circle by afecond refraSlioni let the angle of refraSiion be multiplied by 
the number offuccejive refieBions increafed by an unite \ and the excefs of 
the rejulting angle above the angle of incidence tvill be equal to half the 
angle contained under the incident and the emergent ra)- produced till they 
meet : that is, the excefs abovementioncd is equal to half that angle, under 
the incident and the emergent ray, in which the ref railing circle lyes, when 
the number of refeBions is odd; and is equal to half the other angle, under 
the fame rays, ivhich is the complement of the former to two right angles, 
•when the number of reJieSlions is even. 

For let ABCTiE be a great circle of a fphere whofe center is 0, ^'K '9»- " 
and let an incident ray SA be refrafited at A to B, and be reflefted '^'' 
from B to C; and at C let it either go out by rcfra(5lion to G, or be 
refletfted to D'; where let it either go out by refra6lion to H, or be' Arc. 3;, 4c. 
reflefted to £; and fo on. And when the number of refieftions is 
odd, a line OK drawn through the center O and the middlemort point 
of refledlion, will blfett the angle at R under the incident and 
the emergent ray produced : becanfe the reflexions and refraftions 
on each fide of the line OR are equal in number and magnitude; 
the chords AB, BC, CD, DE defcribed by the reflecVed ray being 
equal to one another. And for the lame reafon when the number 
of refle(5lions is even, a line OT, drawn through the center O per- 
pendicular to the chord that joins the two middlemoft points of re- 
flection, will bifefl one of the angles at T under the incident and 
the emergent ray produced ; and a line TF, perpendicular to TO, 
will b\Cc6i the other angle under them, which is the complement of 
the former to two right ones. Hence the line Tf^'is parallel to the 
middlemoft chord, -becaufe TO is perpendicular to them both. Draw 
a diameter PO^parallel to the incident ray 5^Af, and let it cut 
the refle^led rays BC, CD, DE produced, in $, y, S, refpe£HveIy. 
Join OA, OB and in fig. 192. the fums of the three angles in each 
l^p of the triangles OAB, OAR, arc equal to one another; take away 
^B the common angle AOB, and the fum of the equal angles OAB, 
^V. OBA in the firft triangle, will be equal to the lluii of the angles 
OAR, ORA in the fecond triangle. And by fubftratting the angle 
of incidence OAR or 0AM from both fums, we have 2OAB — 
OAM==^ORA= BO^. Hence in fig. 193. the angle S7For 

KPQC, being an external angle of the triangle OB0, equals OBC~{- 
N2 BO^ 
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BO^— OAB^ 20AIi — 0AM^ lOAB — OAM, Hence 
again in fig. 1 94. the angle SRO or POC, being an external angle 
of the triangle 0C(2. equals OCB -{' P QC^OAB -^ j,OA B ~ 
OA M ==■- ^0-^B — 0AM. Hence again in fig. 195. the angle 
ST V ox Py D, being an internal angle of the triangle COy, equals 
-OCD — COy=: ^OAB — 0AM, throwing away two right angles. 
For COy = 2 right angles — POC= 2 right angles — 40y^B H~ 
0AM. And fo forward continually. Therefore if the number of 
fuccelTive reflexions increafed by an unite be called m, it appears 
that mOAB — 0AM equals half the angle under the incident and 
emergent rays. ^ £. D. 



Fig. ig». 

195. 

• An.>48 



Fig. 196. 



Proposition 11. 

249. Things remaining at they were, let the angle of incidence tncrtafe 
from nothing till it become: a right angle j and the angle under the inci- 
dent and the emergent ray, after any given number of refleElioni called n, 
•will fir jl increafe and then decreafe again; and ivill be the greateji of all 
ivben the tangent of the angle of incidence, is to the tangent of the angle 
of refraSlion, as Vi-\- i to i. 

> For putthig TO = « -h I , we had half the angle under an incident 
and the emergent ray equal to the excefs of mOAB above OAM'i 
which excefs, when the angles OA B, OA M are very fmall, will alfo 
be but fmall J and will increafe fo long as the fucccflive increments 
of m OAB (hall exceed the contemporary increments of OAM; and 
will decreafe again when the fuccelTive increments of m OAB are 
exceeded by the increments of OAM; and confequently will be the 
greateft of all when m times the leaft increment of OAB is equal to 
once the contemporary increment of OAM; that is when the Icaft 
increment of the angle of incidence OAM is to the contemporary 
increment of the angle of refraiSlion OAB, and confequently the 
tangent of incidence is to the tangent of refraction \ as m to i. 

Proposition Iir. 

250. It is propoftd to find two angles, whofe fines /hall Be tn a given 
ratio of \ toK, and whofe tangents Jhall be in another given ratio of 
m to I. 

In any given line CEDA, let CA be to CD as /to R, and CA to 
CE as « to I ; with the center C and femidiameter CD defcribe an 
arch DB, cutting a circle ABE whofe diameter is AE, in B; draw 
ABF, and joining BC, the fine of the angle CBF will be to the 

fine 
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fine of CAF as / to /? ; and the tangent of C J5 F to the tangent of 
C/f F as mto I J and coniiiquently C^F, CAF are the angles re- 
quired. For in the triangle Cj4B thie fine of the angle CBA or 
CBF, is to the fine of CAF, as CA to CB^ or CD, as I to R by Art.8y. 

.conftru6lion. Join jB£ and com pleat the parallelogram CFjBG; 

;and CG produced will cut ABF at right angles in F, becaufe -4 i3 JS 
i$ a right angle in the femicircle ABE. Therefore the lines FC, 

sFG arc tangents of the angles CBF, GBF or CAF tp the radius 
BFi and the tangent FC is to the tangent FG as F^ to PB^ or^Enc.vi.z. 

\^s CA to CE ** or as /« to I by conftruClion. ^^ £. D. 

251. CoroL I. When parallel rays of the fun fall upon a fpheri- 
cal drop of rain, let the given ratio of I to R ftand for the ratio of 
the fine of incidence to the fine of refraftion ; and let n be any given 
number of fucceflive reflections made by every ray before it emerges 
,put of the drop, and let /« = »4- 1; and by thefe propofitions it 
appears, that half the greateft angle which any of the emergent rays 
can make with the incident rays, is equal to fd x ang. CBF — CAF. 
ForCJSFand CAF or GBF are angles whofe fines are as I to i?, 
and whofe tangents are as 191 to i ; and confequently are the angles 
of incidence and refra6tion of that ray, whofe incident and emergent 
parts produced contain the greateft angle. 

252. CoroL 2. The foregoing conftruftion for determining the 

angle CBF is Dr. Halleys % and Sir Ifaac Newton s rule for calculat- 1.^^*^- '^'^"^ 

ing it, is this that follows. As s/^fn — i %RRis to s/ II — RRy 

•ib is the tabular radius to the cofine of thefangle of incidence CBF. 

' Whence this angle and its fine are given by the tables, and from 

thence by the ratio of / to 22 the tabular nnc of the angle of re- 

; fraftion and the angle itfelf are alfo given. The rule may thus be 

dcmonftrated. We had CA : CB :il. R and FA: FB ::m: i. 

\Hence CA^ = ^CB^y and AF^ =immBF^ -, and ^^-^CB^ 
.s^mmBF^=z{CA^ — AF^ = FC^^=i) CB^^BFK Hence - Eac. i. 47. 

j^CB^ ^ CB^ — mmBF^ -^ BF\ andll—^RR xCB^=2 

^^nm — I xURx5F*; and by rcfolving this e quality into a pro - 

■^po rtion, and by extracting the roots, we have s/ mm — i xJRR: 
n^RRwCBxBFw radius : confme ang. CBF. 



Pro- 



Concerning the Rain-bow. Chap. 13*1 



PcGgn. 



Newt. Opt. 
p. 147. 



*ig. 197. 



Prop OS IT ION IV. 
To explain the Phammena of the Rain-hoiv. 

253. Having premifed fuch mathematical principles as are nc- 
ceflary for an exa£l computation of the apparent diameters and 
breadths of the Rain-bows, I will here fubjoin Sir Ifaac Nrwton'i 
entire explication of the colours of the bows, and of the manner in 
which they are formed ; taking the liberty here and there of making 
a few additions to it; for the fake of fuch readers as may not be fa 
flcilful as thofe that he generally writes to. 

254. This bow never appears but where it rains in the fun fliine, 
and may be made artificially by fpouting up water which may break 
aloft, and fcatter into drops, and fall down like rain. For the fun 
fhining upon thefe drops, certainly caufes the bow to appear to a 
fpedlator Handing in a due pofition to the rain and fun. And hence 
it is now agreed upon that this bow is made by refraction of the 
fun's light in drops of falling rain. This was underftood by fomc 
of the ancients, and of late more fully difcovered and explained by 
the famous Antomus de Dominis archbifhop of Spalato in his book 
de Radiii Vifus & Lucis publifhed by his friend Bartolus at Venice in 
the year 161 1, and written above ao years before. For he teaches 
there how the interior bow is made in round drops of rain by two 
rcfraiflions of the fun's Hght, and one reflection between themj and 
the exterior bow by two refraClions and two forts of reflections be- 
tween them in each drop of water ; and proves his explications by 
experiments made with a phial full of water, and with globes of 
glafs filled with water, and placed in the fim to make the colours of 
the two bows appear in them. Tlie fame explication Des-Cartes 
has purfued in his Meteors and mended that of the exterior bow. 
But while they underftood not the true origin of coloui-s, it is n&- 
ceflary to purfue it a little farther. 

255. For uuderftanding therefore how the bow is made, let a 
drop of rain or any other fpherical tranfparent body be reprefented 
by the fphere B I^FG defcribed with the center C and femidiameter 
ON. And let ^A^'be one of the fun's rays incident upon it at AT, 
and be thence refrafled to F, where let it either go out of the fphere 
by refraflion toward F, or be reflected to G; and at G let it either 
go out by refraction to R, or be reflcCted to H; and at H let it go 
out by refraction towards S, cutting the incident ray in J^. Pro- 
duce AN and RG till they meet in X, and upon ^Xand NF let 
fall the perpendiculars CD and CE, and produce CD till it falls 
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upon the circumference at L. Parallel to the incident ray AN 
draw the diameter S^; and let the fine of incidence out of air into 
water, be to the fine of refraction as /to R. Now if you fuppofe 
the point of incidence N to move from the point B continually till it 
comes to L, the arch ^F will firft incieafe and then decreafe, and fo 
will the angle^Xi? which the rays ^A^and GR contain; and the 
arch ^F and angl e AXR wilt be biggeft when ND is to NC as 
^TT—^RR to s/ lRR\\rv which cafe NE will be to ATD as zR'^"^*^^ 
to/"". Alfo the angle ATS, which the rays ^Wand //J" contain" Art. 146. 
will firft decreafe and then increa fe ; and grow leaft when ND is to **5- 
NC as ^11— RR to ^/TRR, in which cafe NE will be to ND 
as 3 i? to /; and fo the angle which the next emergent ray (that is 
the emergent ray after three refleftions) contains with the incident 
ray ^iVwill come to its limit, when ND is to NC as s/ H — RR 
to •/ i^RR; in which cafe iSTE will be to ND as 4 7? to /, And 
the angle which the ray next after that emergent, (that is the ray 
emergent after four refleflions) contains with the incident, will 
come to its limit, when A'^Z) is toiVCas y"// — 7?^ to ^ z^RR-^ 
in which cafe NE will be to ND as 5 i? to /; and {o on infinitely, 
the numbers 3, 8, 15, 24, &c. being gathewd by continual addition 
ef the terms of the arithmetical progreflion 3, ^^j^ 9, &c. 

256. Now it is to be obferved, that as when the fun comes to 
his tropicks, days increafe and decreafe but a very little for a great 
while together; fo when by increafing the diftance CD, thefe an- 
gles come to their limits, they vary their quantity but very little for 
fome time together; and therefore a far greater number of rays 
which fall upon all the points N in the quadrant BL ftiall emerge 
in the limits of thefe angles than in any other inclinations. AddFig- 1?'- 
to tliis, that of all the rays which fall upon the quadrant BZ,, thofe 
contiguous ones can only emerge parallel to one another, which 
emerge in the limits of thefe angles ; and that all other contiguous 
rays emerge diverging from points either behind or before the dropj 
and confequently will fall much thinner upon the eye, at a great 
diftance from the drop, than the parallel rays. For thofe rays 
which converge to points behind the eye, placed at a great diftance 
from a fmall drop, are not fenfibly different from parallel rays. 
This will appear by obferving that while the arch BN is continu-Fig- 197- 
ally increafing from nothing, and the angle AXR, for example, is 
alfo increafingi the fuccefllvely emergent rays, being continually 
lefs and lefs inclined to the incident ones or to the fixt Une B^, 
are alfo fucceffively inclined in fniall angles to one another; and the 

fame 
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Fig. ipg. 



Fig zco. 



And the fame 
: within the greateft an- 



fame thing is manifeft while the angle ./^XR is decreafmg; the 
fucceflive rays being more and more inclined to B^; conl'equently 
in the limit between the increafe and decreafe of this angle the con- 
tiguous incident rays muft emerge parallel to one another. 

257. And farther it is to be obferved, that the rays which differ 
m refrangibility will have different limits of their angles of emerg- 
ence i and by confequence according to their different degrees of 
refrangibility, emerge moft copioufly in different angles ; and being 
feparated from one another appear each in their proper colours. 
Add to this that although the heterogeneal rays of any ilender pen- 
cil whatever, as -iA', will be feparated by refractions at the drop 
into rays NFGR of one colour, and Nfgr of another, as by re- 
fraftions through a prifm; yet thefe emergent rays GR, gr will 
not affed the eye with their diftin(?t colours, unlefs they be in the 
limits of the angles AXR Axr; becaufe every where within thefe 
greateft angles, an infinite number of fuch coloured pencils being 
varioufly inclined to one another are mixt together, and confe- 
quently appear white or without diftinfl colours, 
may be faid of the rays emerging any whei 
gle iVr5. Fig. 197. 

258. Now what thefe angles arc may be gathered firft by com-l 
puting the angles of incidence and rcfraftion by art. 252, and there 
the angles AXG, ATS themfelves by the 248th article. For in the 
leafl refrangible rays the fines I and R are 1 08 and 8 1 ', and thence 
by computation the greateft angle AX R will be found 42 degrees 
and 2 minutes; and the leaft angle ATS, 50 degrees and 57 mi- 
nutes. And in the moft refrangible rays the fmes / and R are 109 
and 8 r, and thence by computation the greateft angle AXR will be 
found 40 degrees and 17 minutes, and the leaft angle ATSj 54 de- 
grees and 7 minutes. 

259. Suppofe now that is the fpe6lator's eye, and OP a line 
drawn parallel to the fun's rays. Let FOB, POP, POG. POH 
be angles of 40 degr. 1 7 min. ; 42 deg. 2 min. ; 50 dcg. ^y min. ; 54 
deg.7 min. reipeiflively; and thefe angles turned about their common, 
iide OP, fliall with their other fides OE, OF, and OO, OHdefcribe 
the verges of two rain-bows AFBE and CHDG. For if jE, F, 
G, H be drops placed any where in the conical fuperficies defcribed 
byO£, Of, OG, OH and be illuminated by the fun's rays5£,,SF. 
SG, SH; the angle SEO being equal to PqB or 40 deg. 17 
min. fhall be tlie greateft angle in which the moft refrangible rays 
can after one leflcdtion be refraffed to the eye j and therefore all 
the drops in the ]ine OE fliall fend the moft refrangible rays mofl 
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copioufly to the eye ; and thereby ftrike the fenfes with the deepeft 
violet colour in that region. In like manner the angle SFO being 
equal to the angle PGF or 42 deg. 2 min. fhall be the greateft \i\ 
which the leaft refrangible rays after one refleftion can emerge out 
of the drops ; and therefore thefe rays fhall come moft copioufly to 
the eye from the drops in the line OP, and ftrike the fenfes with the 
deepeft: red colour in that region. And by the fame argument the 
rays which have intermediate degrees of refrangibility (hall come 
moft copioufly from drops between £ and F and fti ike the fenfes 
with the intermediate colours in the order which their degrees of 
refrangibility requirej that is in the progrefs from JS to F or from 
the inlide of the bow to the outfide in this order, violet, indigo, 
blue, green, yellow, orange, red. But the violet by the mixture of 
the white light of the clouds will appear faint and incline to pur- 
ple. It may be farther obferved, that all the rays but the violet in 
the line SB will emerge from £ in a greater angle than SEO made 
by the violet, and conlequently will pafs below the eye ; and that all 
the rays but the red in the line SF will emerge from F in a lefier 
angle than SFO made by the red, and confequently will pafs above 
the eye > by which means only red will appear in the line S F and 
only violet in the line SE. 

260. Again the angle SGO being equal to the angle POG or 50 
deg. S7 ^'"- fli^ll be the leaft angle in which the leaft refrangible 
rays can after two refledions emerge out of the drops; and there- 
fore the leaft refrangible rays fliall come moft copioufly to the eye 
from the drops in the line OG, and ftrike the fenfe with the deepeft 
red in that region. And the angle SHO being equal to the angle 
POH or 54 deg. 7 min. ihall be the leaft angle in which the moft 
refrangible rays after two refle6tions can emerge out of the drops ; 
and therefore thefe rays fhall come moft copioufly to the eye from 
the drops in the line OH, and ftrike the fenfe with the deepeft vio- 
let in that region. And by the fame argument the drops in the re- 
gions between G and H ihall ftrike the fenfe with intermediate co- 
lours in the order which their degrees of refrangibility require ; that 
is in the progrefs from G to H, or from the infide of the bow to 
the outfide in this order; red, orange, yellow, green, blue, indigo, 
violet. And fmce thefe four lines 0£, OF, OG, OH may be 
fituated any where in the abovementioned conical furfaces, what is 
faid of the drops and colours in thefe lines is to he underftood of 
the drops and colours every where in thofe furfaces. 

261. Thus fliall there be made two bows of colours, an interior 
and ftronger by one rcflc£lion in the drops, and an exterior and 

O fainter 
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fainter by two ; for the light becomes fainter by every refleftion. And 
their colours fhali lye in a contrary order to one another 5 the red 
of both bows bordering upon the ipace GF, which is between the 
bows. The apparent breadth of the interior bow EOF, meafured 
crofs the colours, (hall be i deg, 45 min. and the breadth of the ex- 
terior, GOH^ fhall be 3 deg. 10 min. and the apparent diftance be- 
tween them, GOFy fhall be 8 deg. $^ min. the greateft femidiameter 
of the innermoft, that is, the angle POF being 42 deg. 2 min. and 
the leaft femidiameter of the outermoft,P OG, being 50 deg, ^y 
min. 

262. Thefe are the meafures of the bows as they would be were 
the fun but a point, for by the breadth of his body the breadths of 
the bows will be increafed and their diftance decreafed by half a de- 
Fig. 201. gree. And fo the breadth of the interior Iris will be 2 deg. 15 min. 
that of the exterior 3 deg. 40 min., their diftance 8 deg. 25 min., 
the greateft femidiameter of the interior bow 42 deg. 17 min., and 
the leaft of the exterior 50 deg. 42 min. For let SEO be the limit 
of all the angles under the rays of any one colour, which coming 
from the center of the fun are reflefled from the drop at £ to the 
eye at O. In the ray SE take any point S at pleafure, and let the 
angles ESM, ESN znd alfo EOM, EON be feverally equal to a 
quarter of a degree, that is to half the apparent breadth of the (un. 
And joining 05, (ince the fums of the angles at the bafe 05, of the 
feveral triangles OS M, OSE, 05 iV, are equal among themfelves, 
their vertical angles at A/, £, N are alfo equal among themfelves. 
Confequently the angle SMO will be the limit of all the angles 
contained under the incident and emergent rays of the fame colour 
as before, which came from m the higheft point of the fun; and 
SNO the limit of all the angles contained under the incident and 
emergent rays of the fame colour as before, which came from n the 
lovveft point of the fun. Therefore if all the rays of the fun were 
of the fame colour, or alike refrangible, the apparent breadth of 
the bow, meafured by the angle Af OiV, would be but half a degree 
or equal to the apparent breadth of the fun meafured by the angle 
MSN or mS ?2. But fince his rays are differently refrangible, con- 
ecive the drop E to be placed any where in the inward or outwafd 
verges of the bows above defcribed, upon fuppofition that the fun 
v^as but a point; and then it is manifeft that the angle £0M muft 
be added to the infide, and EON to the outfide of the angles which 
the breadths of thofe bows fubtend at O, to obtain their apparent 
breadths. A rain-bow is therefore a circular image of the fun re- 
fiefled to the eye from the farther furfaces of innumerable drops 
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of falling rain, and dilated in breadth by the unequal refrangibility 
of rays of different colours. 

263. Arid fuch are the diraenfions of the bows in the heavens, 
found to be very nearly, when their colours appear ftrong arid per- 
feft.- For once by fuch means as I then had I mcafured the greateft 
femidiameter of the interior iris about 42 degrees, the breadth of 
the red, yellow, green in that iris 63 or 64 minutes, befides the out- 
mod Faint red obfcured by the brightnefs of the clouds, for which 
we may allow 3 or 4 minutes more. The breadth of the blue was 
about 40 minutes more befides the violet, which was fo much ob- 
fcured by the brightnefs of the clouds that 1 could not meafurc its 
breadth. But fuppofing the breadth of the blue and violet together 
to equal that of the red, yellow and green together; the whole 
breadth of this iris will be about 2^ degrees, as above. The leaft 
diftance between this iris and the exterior iris was about 8 degrees 
and 30 minutes. The exterior iris was broader than the interior, 
but fo faint, efpecially on the blue fide, that I could not meafure its 
breadth diftinftly. At another time when both bows appeared 
more diftinft I meafured the breadth of the interior iris 2 deg. i o 
min. and the breadth of the yellow and green in the exterior iris was 
to the breadth of the fame colours in the interior as 3 to 2. 

264. Whoever has a mind to repeat thefe obfervations after Sir 
Ifaac Newton may obferve, that the apparent femidiameter of the 
bow, (or of any ring of colours in either of the bows) is equal- to 
the apparent altitude of its higheft point added to the fun's alti- 
tude, and confequently may be meafured by a common quadrant. 

For let SOP be the axis or the bows paffing through the fun at 5 Fig, 202 
and the eye at O, GOJfiT an horizontal line, E the higheft point of 
any ring of either of the bows, whofe apparent femidiameter EOP 
is required. It is manifeft that the angle EOP =EOH+ HOP 
= EOH^ SOG. 

265. This explication of the rain-bow is yet farther confirmed 
by the known experiment (made by Antonius de Dominis and Des 
Cartes) of hanging up any where in the fun-fhine a glafs-globe filled 
with water, and viewing it in fuch a pofture that the rays which 
come from the globe to the eye may contain with the fun's rays an 
angle of either 42 or 50 degrees. For if the angle be about 42 or Fig 200. 
43 degrees the fpe£lator fuppofed at O, fhall fee a full red colour in 

that fide of the globe which is oppofed to the funj as it is repre- 
fented at F.-and if that angle be made lefs, fuppofe by deprefling 
the globe to £, there will appear other colours yellow, green and 
blue fucccffively in the fame fide of the globe. But if the angle be 
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made about 50 degrees, fuppofe by lifting up the globe at G, there 
will appear a red colour in that fide of the globe which lyes toward 
the fun : and if the angle be made greater, fuppofe by lifting up the 
globe to H, the red will turn fucceflively to other colours, yellow, 
green and blue. The fame thing I have tried by letting a ^lobe 
reft, and by railing or depreffrng the eye, or otherwife moving it to 
make the angle of a juft magnitude. So far Sir Ifaac Newton, 



Lemma III. 

266. 7he tatjgent oftbejum cftim angles, is to tbefum of their tan' 
gents, as the fquare of the radius, to thefquare of the radius diminijhed 
by the reSiangle under the tangents : and the tangent of the difference of 
two angles, is to the difference of their tangents, as thefquare of the re* 
dius, to the fquare of the radius tncreafed by the refJangie under tie tan- 
gents. 
Fig.ioj,jo4. Let RAand RB be tangents of two angles ROj^, ROB. Then 
as ^B, the fum or difference of the tangents, is toAO, the fecant 
of cither of the angles, fo let AOhz 10 AC, to be placed from A 
towards B. Again as i? C is to R O, fo let RO be to RD ; and RD 
will be the tangent of the fum or difference of the two angles R OA, 
ROB. For joining CO, by the firft of thefe proportions the tri- 
angles AOB, AGO will be equiangular'; and fo the angle AOB 
is equal to ACO, or to R OD by the fecond proportion ''. Hence in 

r ^ /- _ d^l ^ RAq-^-RO q 



• Euc.VI.6. 
»Euc.VI.«. 



becaufe A C - 



AB 



(AC~AR=) 



RA 



RB -\-RA 



we have RC ^==^ 



±ROq ROq — RBxRA , - 

RB-^RA — ^-^=- RB~^RA jwhentii 



RA 



have AC ^ 



ROq~RBxRA 
RAq-\-ROq 



\ ROq. By a like procefs fig. 204, wc 
RB-^RA 



• RA 



whence RD ^ 



ROg-i-RBxRA 



RB 
ROq. ^.E.D. 

267. Core/. I. Hence the tangent of the fum of any number of 
given angles, or the tangent of any multiple of a given angle, may 
be eafily computed. Put RO ^ r, RA = a, RB ^ h, then the 
tangent of the fum of the angles whofe tangents are a and i, that 

b4-a 
is RD = ^_ — -7 X rr; call this tangent x; then for the fame 

reafon, the tangent of the fum of this Jaft angle and of a third angle, 

whofe 
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whofe tangent isf, is ^^ ^^ x rr or (by fubftituting the value of 

*) , ,— , the taneent of the fum of three anetc* 

rr — ab — ac — he ° *» 

whofe tangents are a, b, c; and fo on. 

26S. Carol. 2. Now put a = ^ = r ; and for the tangent of a 
2a 
double angle we have - — — — rr; and for the tangent of a tre- 

%arr — a'i 



ble angle 

6 rr— 3 



; and fo on. 



Proposition V, 



269. ^he apparent femidiameter of any rain-bow^ or the greattji art' . 
gle under an incident and emergent ray after any given number of fuc~ 
ceffive reflexions, being given ; to find the ratio of refraBion. 

Let m be the given number of fucceffive reflexions increafed bypjg. ,0- 
an unite, and fuppofing the angles ABC^ ABD to be the angles of 
incidence and refraction fought, let the angle ABE = m ^ABD, 
and the angle CBE, ox m^ ABD — ABC, will be half the given 
angle under the incident and the emergent ray after m — i reflec- 
tions*. Put the common radius AB = r, the unknown tangent of" Art. 948. 
refradlion AD = a, and the tangent of Incidence AC^ ma^, alio^j^^ ,.,_ 
AE = AT, and t for the tangent of the given angle CB E anfwering 
to the radius r. Then by the lemmas :x — mawrr irr + xma; 

, X — ma 
whence / ^ : r r. 



Cafe I. In the firft rain-bow jm = 2 ; whence / = ; rr^ 

-' ' rr -\- 2Xa ' 

2a 

and by art. 268, * = — — — rr the tangent of 2 ABD. Subfti- 

tute this value for x in the former equation and by reduflion it be- 
comes d3 — ^taa — ^trr :^o. By refolving this equation the 
tangent a of the angle of refra6lton will be given, and the tangent 
of the angle of incidence AC:=2ahy art. 251, whence the ratio of 
their fines is given by the tables. 



Caje 2. In the fecond rain-bow « = 3, whence / = 



x—2a 
rr-t- 3*<2 



and by art. 268, x = - ~. 



^aa 



the tangent of ^ ABD. Sub- 
ilitute 
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rr 



ftitute this value for x and you will find a^ -^ ^ — d^ -^ ir r a a ^ 



r^ =10', or putting T = — the tangent oiF half the angle of 

« Art 248. this bow % /7 4 H- 4. 7*^3 — irraa^ — ^r^ ==z 0: The fame me- 
thod ferves for other bqws to infinity, 

270. CoroL In the firft cafe putting Tfor 2 a or j4C the tangent 
of the angle of incidence, and fubftituting :^T for a in the former 
equation a^ — ^^taa — 4./rr = (?, it is changed to this T^ — 
3/ jT?" — 4,rrt = 0, the fame as Dr. Hallefs^ wTio propofed this 
problem as an expeditious method for finding the ratio of refrac- 
tion in any fluid, by obferving (when the fun is low and fhines very 
bright) the angle under an incident and the emergent ray from a 
drop of any fluid hanging at the end of a capillary tube. See his 
examples Phil. Tranf. N°. 267, and alfo the Rev^. Dr. Morgan's Dil- 
fertation upon the Rain-bow among the Notes upon Robaulf^ Phy- 
ficks. P. 3. Ch. 17. 



Chap. XIV. 
Telescopical Discoveries in the Fixt Stars, 

Multitudes 271. ^TH H AT the fixt ftars have no fenfible parallax, or, which 
pick Stos. JL ^s the fame thing, that the earth's annual-orbit ( whofe dia- 

meter a cannon ball could not defcribe in lefs than 50 years,) would 
appear of no fenfible magnitude through a telefcope placed at a fixt 
ftar, is fuch an amazing conclufion as could not be believed, were 
it not fupported by undeniable evidence. But as this is the cafe, it is 
no longer a wonder why the befl telefcopes do not at all magnify the 
apparent diameters of the fixt ftars, though they difcover vaft mul- 
titudes that are quite imperceptible to the naked eye; and the more 
of them as the aperture is more enlarged to take in more light, and 
*Art.z4o. the eye-glafs made flatter to render it diftinft". The Milky Way, 
which had puzzled the ancient philofophers for many ages, was 
found at laft to be nothing elfe but a prodigious number of very 
minute ftars, fo clofe to one another that the naked eye can only 
perceive a whitifh mixture of their faint lights. This was Galileo^s 
difcoveiy; who found alfo that thofe faint ftars, which Aftronomers 
call Nebulofce, appeared through his telefcope to be fmall cluftcrs of 
very minute ftars. 

272* Hu^ 
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272. Hugenius in the year 1656, looking by chance through aLncidfpo** 
large telefcope, at three fmall ftars very dole to one another in thc^^°g^j|* 
middle of Orion's fword, faw feveral more as ufua!. But the three 

little ftars very near one another (marked 9 by Baser), together^^'g- »°6. 
with four more, flione out as it were through a whitiAi cloud, much 
brighter than the ambient iky: which being very black and ferene 
caufed that lucid part to' appear like an aperture, that gave a pro- 
ipe6l into a brie;hter region. He viewed it many times, and found 
it continued in the very fame place, and of the fame fhapc as the 
figure reprcfents, and called it Portcntum cut cerU ftmik aliudnufquam 
apud reliquaijixas potu'tt animadvertere'. • Syftema 

273. But in the Philofophical Tranra6lions\ there is an account ^"g"™'*"" 
of a later difcovery of five more fuch lucid fpots, though Icfs confi-^* 
derable than this of Hi/geru'us ; the middle of which, we are there ioi,eA*abr. 
told, is at prefent in n. 19". 00'. with fouth latitude 28°. 45'; andvoi.+.p.uv 
that it fends forth a radiant beam into tlve Ibuth eaft, as another in 

the girdle of Andromeda feems to do into the north eaft. It is alfo 

there remarked, that " though tliefe fpots are in appearance but 

fmall, and moft of ihem but a few minutes in diameter, yet fmce 

they are among the fixt ftars, as having no annual parallax, they ~ 

cannot fail to occupy fpaces immenfely great, and perhaps not lefs 

than our whole folar fyftem ; in all which fpaces it ftiould feem, that 

there is a perpetual uninterrupted day." 

274. It is to the Author of thefe refteftions, if I niiftake not, that New Stan. 
we owe another curious account of what is principally remarkable 

in the new ftars that have appeared and difappeared for 150 years 
laft part '. I will mention but one or two. " That in the chair of' Ptu.Tranf. 
Cajjiopeia was not fecn by Cornelius Gemma on the eighth of Novem- j^'^^j./abr. 
ber 1572, who fays, he that night confidered that part of the Heaven Vol. i.p.jjj.. 
in a very ferene iky, and faw it not: but that the next night, No- 
vemb. 9, it appeared with a fplendour exceeding all tlie fixt ftars and 
fcarcc lefs bright than Venus. This was not ictn by Tycbo Bralx 
before the nth of the fame month j but from thence he aiTures us, 
that it gradually decreafed and died away, fo as in March 1574, after 
16 months, to be no longer vifible; and at this day not the leaft 
figns of it remain. The place thereof in the fphere of the fixt 
ftars, by the accurate obfervations of the fame Tycbo, was o"". 9'^. 17'. 
from the firft ftar of Aries, with 55". 45'. noith latitude." To this 
account Sir Ifaac Newton adds**, that in November, when it firft ap-- philofj 
peared, it feemed equal to Venus in brighinsfs, in December to Jupi- ^'^'^^>?- 
ter, in January 1573 lefs than Jupiter, but bigger than Sirius, and^'^*''" 
equal to him in February and March i in April and May equal to 

the 
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the ftars of the fecond magnitude, in June, July and Augaft 1 
thofeof the third, in September, 0£lober and November to tbofe 
of the fourth, in December and January 1574 to thofe of the fifth, 
in February to thofe of the fixth, and in March it vanifhed. That 
its colour was at firft clear, white and fplendid, afterwards yellow, 
and in March 1573 red and fiery like Mars or Aldebaran, in May of 
a pale livid colour like that of Saturn, which grew fainter and fainter 
till it vanilhed. 

275. " That fuch another ftar was feen and obferved by the fcho- 
lars of Kepler to begin to appear on Sept. 30. 5/. Vet, Jinno 1604, 
which was not to be i'een the day before ; but it broke out at once 
with a luftre greater than that of Jupiter; and like the former, died 
away gradually, and in much about the fame time difappeared to- 
tally, there remaining no footfteps thereof in January ito^. This 
ftar was near the ecHptick, following the right leg or Serpentarius ; 
and by the obfervations of Kepler and others, was in 71". 20°. 00'. 
from the firft ftar oi Aries, with north latitude )". 56'. 

276. Laftly, that the fudden eruption of fuch another ftar, fhin- 
ingout more than ufual, tng^g^d Hipparchus to make the firft cata- 
logue of the fixt ftars; that pofterity might know what changes 
might happen among them. 

ThcOrigine 277. How minute foever the particles of light may be, the per- 
of new Stars, p^f^^^j emifiion of them from the body of the fun muft have caufcd, 
before this time, a fenfible diminution in his magnitude, without 
feme fupply of new matter. But fince a diminution of the fun's dia- 
meter has not yet been difcovered by the moft accurate obfervations, 
Sir Ifaac Newton therefore imagined, that thofe comets which ap- 
proach fo near the fun as to pafs through his atmofphere, may be fo 
much refitted and retarded after feveral revolutions, as at laft to fall 
upon the fun and fo become a mean of keeping his magnitude nearly 
the fame. -And this opinion led him farther to conjeiSlure, that 
the ftars we have mentioned, which fuddenly fhine out with very 
great fplendor and then decay gradually till they vanifh out of fight, 
may now and then be ftirred up and blaze out again by the Ihock 
of a comet falling down upon them. But thofe other new ftars, 
which appear and difappear periodically, which increafe by very flow 
degrees, and feldom exceed the ftars of the third magnitude (ieveral 
of which may be feen in the hiftory I mentioned) he takes to be of 
another fort, or at leaft in another ftate; which revolving about 
their axes, Uke the fun, may expofe their light and dark parts to us 
fuccefllvely. For the fixt ftars are undoubtedly fclf-ftiinmg bodies 
of the fame kind as the fun, and therefore equally fubjeft to large 
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dark fpots or crufts upon their furfaces. Becaufe 
fun propagated to thofe vaft diftances, and refiefled back from 
opake bodies of no fenfible apparent magnitudes, would be too 
much rarified to afFcft our fenfes ; as Galileo collefted from the 
fainter lights of the remoter planets from the fun, compared to the 
luftre of the fixt ftars. 

278. After feveral attempts by Dr. Hook, Mr. F/amJlead*, and 
others '^, to determine the annual parallax of the fixt ftais, the ho- 
nourable Samuel Molyneux Efq; 111 the year 1725, erc<5led at Kew a 
very accurate inftrument, in order if polTible to arrive at feme de- 
gree of certainty in this difficult enquiry: in the profecution of 
which he followed Dr. Hook in fome refpefts,as in taking the zenith 
diftances of the brighteft ftar in the Dragon's head at the times of 
its tranfits over the meridian, and alfo in the form of his inftru- 
ment, conftrufled almoft upon the fame principles with the Doflor's, 
but executed to a degree of exaclnefs vaftly greater, and chiefly owing 
to the care and contrivance of Mr. George Graham. 

279. The Rev. Mr. Bradley, Profeflbr of Aftronomy at Oxford, 
who all along aflifted Mr. Molyneux in tlie profecution of this noble 
defign, has obliged the publick with a very accurate hiftory of it, in 
a letter to D. Halley'; containing not only an account of feveral 
new and furprifing phenomena that attended the obfervations, 
(which he therefore continued and repeated after Mr. Molyneux's de- 
ccafe,) but alfo a compleat difcovery of the true caufe of them; 
which at laft enabled him to fettle the point in queftlon, and to 
draw from it fome admirable confequences relating to the propaga- 
tion of light. As I look upon thefe difcoveries to be fome of ihe 
fincft that we have had fmce the invention of telefcopes, I will en- 
deavour to give the fubftance of them in as clear a manner as I 
can. 

280. The reftilt of the obfervations upon the bright ftar in the 
dragon's head, marked y by Bayer, was this ; 

Beginning from December 3, 1725, its diftance from the zenith 
being taken feveral days, at the time of its tranfit over the meridian, 
there appeared no material difference in the obfervations. 

281. On Decern. 17, it pafled a little more fourherly from the 
zenith than before, and ftili more on the 20th j which was matter 
of furprize, both becaufe no fenfible alteration of parallax could fo 
foon be expefted in this ftar at that time of the year, and becaufe it 
was the contrary way to what it would have been, had it proceeded 
from an annual parallax. 

P 282. About 



An enquiry 

into ibean- 

nnal parallai 

of the fill 

ftars. 

Walliriiope- 
■a. Vol. 3. p. 

701. 

" Phil.Traof, 

N. 164. 

Abridg. Vol. 

6. p. i6j. 



'Phil.Tranf. 
N". 406. 
Abridg. \'ol. 
6. p. lb;- 



phxDomcna. 



Mr. BraMty-i 
hvpoihciii ti 
rdive there 

phi 



114 Telescoptcal Discoveries Chap. 14. 

282. About the beginning of March 1726, the ftar was found to 
be 20" more foutherly than at the time of the firft obfervation, and 
feemed to have arrived at its utmoft liniit fouthwards. 

283. By the middle of April it appeared to be returning back again 
towards the north, and about the beginning of June it pafied at the 
fame didance from the zenith as it had done in December when it 
was firft obferved. 

284. From that time it continued to move northwards ti/I Sep- 
tember following, when it again became ftaiionary, being then near 
20" more northerly than in June, and no lefs than 39" more north- 
erly than it was in March. 

285. From September it returned towards the fouth, till it arrived 
in December at the fame fituation it was in at that time twelve 
months, allowing for the difference of declination on account of the 
preceilion of the equinox. 

286. By the like obfervatjons made upon a fmall ftar almoft op- 
pofite in right afcenfion to yDracom's, and at about the fame diftance 
from the north poleof the equator, it appeared to change its declination 
ii/', that is about half as much as yDracoms did in the fame time. 
Which plainly proved, as Mr. Bradley obferves, that thefe apparent 
changes were not owing to a nutation of the earth's axis, fincc the 
changes on this account would have been nearly equal in thefc Aars, 
as lying near the folfticial colure. 

287. Upon comparing the obfervations with each other it was 
difcovered in both thefe ftars, that the apparent difference of decli- 
nation, reckoned from the limits above mentioned, was always nearly 
proportionable to the vei-fed fine of the fun's diftance from the cqui- 
noftial points. 

288. And that the whole difference of declination in thefe ftars, 
was as the fine of the latitude of each refpe(5lively. 

289. After a year's obfervations upon many other ftars, in dif- 
ferent parts of the heavens, made with a new inftrument fet up at 
Wanfled in 1727, Mr. Bradley found out fome other properties of 
their apparent motions; and after examining and rejecling two or 
three hypoihefes, by which he attempted to folve them, at laft he 
conjeflured that all thefe phenomena proceeded from the progrcf- 
five motion of light and the earth's annual motion in her orbit. For 
he perceived, that if light was propagated in time, the apparent 
place of a fixt objeft would not be the fame when the eye is at reft, 
as when it is moving in any other direction than that of a line 
pafllng through the eye and object i and that when the eye is mov- 
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'ng in different direfVions, the apparent place of the ob)e<3: would be 
different. I will firft deduce fomc confequences from this hypothefis 
and then compare them with the phenomena. 

290. If an eye moves uniformly in a ftraight line from <j to i in the Some cont- 
time that the light of a fixt ftar defcends uniformly in a ftraight ^j|'/h"poth°e" 
line from c to ir, the ftar will appear in a direction conftantly pa- Hi. 
ralleltofff. Fig- "?■ 

For conceiving the eye to carry the line ac parallel to itfelf, its 
interfe6tion with the fixt line &c will move uniformly* from c to j^/Euc.vi.i. 
and will therefore accompany a particle of light defcending uniformly 
from ctoi?i and becaufe this interfefVion is a moving point, not only 
in the fixt line dc, but alfo in the moving line ac, it is plain that 
the particle which accompanies the interfe£lioii c, moves relatively 
in the moving line ac. In like manner a particle of every other *l 

ray, parallel to c3, which the moving line a c fuccefllvely meets with, fl 

moves alfo in the moving line ac; and thus a fucceflion of thcfe ■ 

particles, moving along ac, conftitute a vifual ray in whofe direftjon 
the ftar appears. 

291. Hence fuppofing the earth's center ^ to move uniformly in'^'S-'^'- _ 
a circular orbit r ti ^^, round the fun in its center B; if a line ^M 
BC drawn towards a fixt ftar, fuppofcd infinitely diftant, you take a ^| 
diftance BC in proportion to Bi or B^/, as the velocity of light to H 
the velocity of the earth's center, an obferver upon the earth at *, fl 
will conftantly fee that ftar in a direi^tion very nearly paiallel to a H 
line jiC, connecting the point C with a point ^ in the orbit con- ^| 
ftantly 90 degrees behind the earth. ^M 

For drawing 6a And be parallel to BA and BC refpeclivcly, and H 

tending the fame ways fi-om b and B, and alfo any line ac parallel fl 

to AC; by the fimilar triangles bca, BCA, we have bchav. BC : I 

BA, as the velocity of light to the velocity of the earth. Confe- fl 

quently if an eye be fuppofed to move along the tangent a& with H 

this latter velocity, it will fee tlie ftar in a direiftion conftantly pa- ^ 

rallel to ac^ or AC. But the eye in the orbit moves with that ve-" Art. 190. 
locily, and pafies by the point 6 in the diredion of that tangent, 
and therefore at that paflage it faw the ftar in the fame direction in 
which the other eye in the tangent fees it conftantly. The earth's J 

diurnal motion alters this conclufion fo little that I need not here H 

confider it. fl 

292. Therefore the apparent parallax of the ftar to an obferver fl 

at b, is conftantly meafured by the angle ACB, if the point A be ^1 

■\ always 90 degrees behind the earth at b, and confequently 90 de- ■* 

^m grces before the fun's apparent place in the ccliptick. 

H^ P 2 293. Hence 
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293. Hence the apparent latitude of any ftar, fuppofed Infinitely 
dift-ant, will be leaft of all when the Ain's place in the ecliptick is 
90 degrees t'oi warder than the liar's ; and from that time it will in- 
creafe for half a year, and then defcreafe for the next half year; and 
its increment reckoned from thefehmitswillbeconftantlyasthevcrfed 
fine of the fun's longitude reckoned from his place before mentioned. 

Fig. 2Cf). For drawing CD peipendicular to the plane of the orbit, join 
yiD, and draw DB cutting the orbit in L and M. The point jL, 
neareft to D, is the ftar's place in the ecliptick, and the point ©, 
oppoUte to l>, is the fun's place therein. Now when the point 
was at N, 90 degrees forwarder than L, the point j4, being always 

» Art. 292. go degrees forwarder than © % was at M, the farthefl point from the 
perpendicular CD; and confequently the liar's apparent latitude, 
always meafured by the angle CAD^ was then the leaft polfible. 

Draw ^£ ^perpendicular to LM, and joining CL, C E, C M^ 
draw MF perpendicular to CE produced. Then conceiving the 
point A to move in the perpendicular AE towards E, the angle 
CAD will approach to a maximum CED, and therefore will incrrafc 
very little, efpecially as the angular approach ACE is exceeding 
Imall. Tiieiefore inftead of the apparent latitude CAD we may 
take CED, and confequently the angle ECMfor the increment of. 
the leaft latitude CMD: now this fmall angle ECM is as its fine 
M F or fbecaufe the ratio of MF to ME varies very little) as MB 
the verfed fine of the arch iW.^^ equal to N Q>> the fun's longitude 
from A^, 90 degrees forwarder than the ftar's place L. 

294. When a ftar is fituated any where in the folfticial colure, 
the increments or decrements of its latitude and declination are the 
very fame quantities; and therefore if the ftar be fuppofed infinitely 
diftant, and its longitude be in the beginning of Capricorn, with 
north declination, its apparent declination will be the leaft at the 
time of the vernal equinox, and the greateft at the autumnal; and 
its increments and decrements reckoned from thefe limits, will be 
proportionable to the verfed fine of the fun's longitude reckoned 
from the equino6lial points : which agrees with the phenomena in 
Art. 287. 

Fig. J 10. 295. The whole apparent parallax LP M of a ftar in the pole of 
the ecliptick, is to the whole apparent parallax LCM in the latitude 
of any other ftar, as the radius to the fine of the latitude CBL. For 
fince BP equals BC, drawing BF and BG perpendiculars to CL 
and CM, the fmall angle BPL is to BCL as BL to BF, that is, as 

*Aft.6B. the radius to the fine of the angle BLF or of the latitude CBL^. 
Again, the fmall angle BPiV/ is to £ CA/ as fiiW to BG, that is, as 

the 
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the radius to the fine of BMG or of the latitude C5Z,, as before. 
Therefore the whole angle LPM is to LCM as the radius to the 
fine of the latitude CBL. 

Hence, from the obfervcd parallax in latitude, or in declination of 
fuch ftars as lye in or near the folfticial colure, we have the parallax 
that would belong to a ftar in the pole of the ecliptick, which is 
plainly thegreatefl: of all. Thus in yDraconh whofe latitude CBL 
= 74"^. 58'. 20", the obferved parallax LC M was 39"% and thence' An. is^. 
the greateft parallax LPM comes out 4o",4. Likewife in the little 
ftar above mentioned, whofe diftance from the north pole of the 
equator is 38°. 28'. 2,$"^, and confequently its latitude a little above^'''''' J^'j" 
28°. 02'. 25", as being aimort oppolitc in right afcenfion to y Dra- ^^j, a^Ha 
corn's, the obferved parallactick angle XCM was 19"', and thence i"'"''"'"/"'^'' 
. Z-PM comes out 4o",4 as befoie. • Art^aE'e* 

296. Mr. Bradley havhig applied his obfei-vations upon the pa- The greateft 
rallax in declination of ftars in any fituation whatever, to his theory ^P-P^""*"' p*- 
farther purfued, afl'ures us they all confpire to prove, that the greateft 
parallax LPM is about 40 or 41 feconds, and thinks the medium 
40". 4- cannot differ fo much as one fecond from the truth. 

207. Hence the velocity of ftar-lieht comes out 102 10 ereater'*'''? *'!''^")' 
than the velocity or the earth s mean motion round the fun. For 
the former velocity is to the latter as Bi* to BL or SAf % that is/ ^"- '9'^- 
as the radius to the tangent o( BPL or BPM:= 20"^ as above 
determined. 

298. From what has been faid Mr. Bradley infers, i. That the^°'" 
lights of all thofe ftars arrive at the earth with equal velocities. 2. That 
unlefs their diftances from us are all equal, (which for other reafons 
befides that of their different luftre, is highly improbable) their 
lights are propagated uniformly to all diftances from them. 3. That 
the velocity of ftar-light is fuch as carries it through a fpace equal 
to the fun's diftance from us in 8'. 13", (this time being to the time 
in which the earth might defcribe that Jiftance, with the velocity of 
her mean motion round the fun, as i to 10210, and this latter time, 
to half a year, as the diameter of a circle to its circumference.) 
4. That the time fo determined can fcarce differ 5 or 10 feconds from 
the truth, which is fuch a degree of exaitncfs aa can never be ex- 
pc6\ed from the edipfes of Jupiter's fatellites. 5. That as this de- 
termination of the velocity of ftar-light, comes out a medium among 
feveral determinations of the velocity of the fun's light reflected from 
thofe fatellites, we may reafonably conclude that the velocities of 
thefe lights are equal. And laftly, fmce it is highly probable that 
the velocity of the fun's emitted light is alfo equal to that of ftar- 
light. 
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• Art. 277. light •, it is equally probable that its velocity is not altered by re- 
flediion into the fame medium. 

299. From Art. 291, 295, &c. it follows plainly, that a ftar placed 
in the pole of the ecliptick would appear in a year's time, to de- 
fcribe about the pole a little circle whofe apparent femidiameter is 
20"^ 5 and that any other ftar will appear to defcribe, about its true 
place, an ellipfis wnofe long axis is at right angles to the circle of lon- 
gitude pafling through the ftar's true place, and equal to the dia- 
meter of the little circle juft mentioned, and whofe fhort axis is to 
the long one, as the fine of the ftar's latitude to the radius ♦. 
Rc*jp^*"*^ 300. Upon this theory farther purfued Mr. Bradley proceeds fyn- 
infcnfibic? theticallv, by alfuming the maximum of apparent parallax as deter- 
mined above, and calculating tables of the differences in declination 
of y Dracmis fituatednear the folfticial colure, and of y Urfce Ma- 
joris nearer to the equinoctial than the folfticial colure ; and by com- 

* The following degant propofition is reprinted from T. Simfon's Mathematical 
Eflays, as it affords an eafy folution of the confequences mentioned in this article, and 
ferves to confirm other parts of this Theory. 

Propositiok. To find the path which the progrejfwt motion of light and the motion of the 
Earth in its orbit maki a Star appear to defcribe in one entire annual revolution of the Earth. 

Let ATBA be the orbit of the earth ; S the fun in one focus ; F the other focus ; T 
Fig. 21 1. ^he earth movjjig in its orbit from A towards B\ DTm tangent at T\ and SZ>, FE 
perpendiculars thereto: Let ^mKR^ be part of an indefinite plane parallel to that of 
tiie ecliptick, pafling through /J the center of the given ftar; and take Tn to TR^ as 
the velocity' of, the earth in its orbit at 7* to that of a particle of light coming from the 
faid ftar: Let Tm be parallel to w^; Pz/T perpendicular to AB\ and ^RK parallel 
to PnV: Then from the 290th article it is manifeft, that a ray of light, coming from 
R to the earth at % will appear as if it proceeded from w, where the line Tm produced, 
interfeds the faid parallel plane, and therefore bccaufe Tm is parallel to Rn^ and any pa- 
rallelogram, interfedting two parallel planes, cuts them alike in every refpedl, it is evi- 
dent that Rm muft be equal to Tn^ and ^Rm to VnD\ wherefore fince D and P are 



icwi-imn. ^(^gj,^ jj^^ fames dircflly as FEi wherefore the angles AFEy ^Rm being every where 
cip.i. I. ^or-^qyjj]^ jjy^j Rm \t\vi conftant proportion to FE^ the curve ^w JT defcribcd by w, the 
'Hamilton's apparent place of the ftar in the faid parallel plane, will, it is manifcft, be fimilar in all 
CoDic8jI.2i.rcrpe(Ss to AEB defcribed by the point E: But this curve is known to be a circle*; 
• Hamilton's therefore ^m K muft likewife be a circle, whofe diameter ^K is divided by R^ the true 
Conic5,II.20. place of the ftar, in the fame proportion as the tranfverfe axis of the earth's orbit is divid- 
ed by either of its foci. Wherefore, forafniuch as a fmall part of the circumjacent heavens 
may, in this cafe, be confidered as a plane paHing perpendicular to a line joining the eye 
and ftar, it follows from the principles of orthographic proje<5tion, that the ftar will be 
feen in the heavens as defcribing an ellipfis, whofe center (as the excentricity of the orbit 
16 but fmall) nearly coincides with the true place of the ftar, except the faid place be in the 
pole or plane of the ecliptick; in the former of which cafes the ftar will appear to dc- 
icribe a circle, and in the latter an arch of a great circle of the fphere, which by reafon 
of its fmallnefs may be confidered as a right line. 
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paring the tables with his obfervations, he found they agreed toge- 
ther throughout the year, fometimes in the very fame number of 
feconds, and that in 50 or 60 obfervations of each ftar, they never 
differed fo much as two feconds j allowing for the variation of de- 
clination caufed by the regrefllon of the equinoftial points : which 
amounts to a phyfical demonftration of the truth of his theory, and 
does in confequence afford a very fatisfaftory anfwer to the point in 
queftion, concerning the real parallax and diftance of the fixt flars. 
As to which he believes he may venture to fay, that the real pa- 
rallax in either of the flars abovementioned does not amount to 2'\ 
being of opinion that if it were i'' he fhould have perceived it in the 
great number of obfervations that he made efpecially upon y Dra^ 
conis\ which agreeing with the theory, without allowing any thing 
for a real parallax*, nearly as when the fun was in conjunftion with,* Art- 290, 
3S in oppofition to this flar, it feemed to him very probable, that its*^'' 
r'eal parallax is not fo great as one fingle fecond; and confequently 
that It is above 400000 times farther from us than the fun. 
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